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ABSTRACT
We present 1D cosmic ray transport models, numerically solving equations of pure advec-
tion and diffusion for the electrons and calculating synchrotron emission spectra. We find that
for exponential halo magnetic field distributions advection leads to approximately exponen-
tial radio continuum intensity profiles, whereas diffusion leads to profiles that can be better
approximated by a Gaussian function. Accordingly, the vertical radio spectral profiles for
advection are approximately linear, whereas for diffusion they are of ‘parabolic’ shape. We
compare our models with deep ATCA observations of two edge-on galaxies, NGC 7090 and
7462, at λλ 22 and 6 cm. Our result is that the cosmic ray transport in NGC 7090 is advection
dominated with V = 150+80−30 km s
−1, and that the one in NGC 7462 is diffusion dominated with
D = 3.0±1.0×1028E0.5GeV cm2 s−1. NGC 7090 has both a thin and thick radio disc with respec-
tive magnetic field scale heights of hB1 = 0.8 ± 0.1 kpc and hB2 = 4.7 ± 1.0 kpc. NGC 7462
has only a thick radio disc with hB2 = 3.8 ± 1.0 kpc. In both galaxies, the magnetic field
scale heights are significantly smaller than what estimates from energy equipartition would
suggest. A non-negligible fraction of cosmic ray electrons can escape from NGC 7090, so that
this galaxy is not an electron calorimeter.
Key words: radiation mechanisms: non-thermal – cosmic rays – galaxies: individual:
NGC 7090 and NGC 7462 – galaxies: magnetic fields – radio continuum: galaxies.
1 INTRODUCTION
Following the first detection of a radio halo in an external galaxy
by Ekers & Sancisi (1977), it has become clear that radio haloes
are ubiquitous among late-type, star forming spiral galaxies (e.g.
Hummel et al. 1988; Dahlem et al. 1997; Irwin et al. 1999; Dahlem
et al. 2001; Krause et al. 2006; Oosterloo et al. 2007; Heesen et al.
2009a; Soida et al. 2011; Wiegert et al. 2015) and starburst irregu-
lar dwarf galaxies (Kepley et al. 2010; Adebahr et al. 2013). Such
radio haloes indicate the presence of extra-planar cosmic rays and
magnetic fields, because the radio continuum emission in galac-
tic haloes originates predominantly from synchrotron emission of
cosmic ray electrons (CRe) spiraling along magnetic field lines.
The CRe cooling time-scales are a few 107 yr, so that we can in-
fer that they come from the star forming (SF) disc, accelerated and
injected by supernovae (SNe). Notably, the radio continuum emis-
sion extends in the vertical direction, visible as haloes, but only
above star formation sites in the disc plane (Dahlem, Lisenfeld &
Rossa 2006), whereas they hardly extend radially beyond the op-
tical disc (Mulcahy et al. 2014). This has reinforced the view that
radio haloes are connected with galactic outflows such as predicted
by the ‘Galactic fountain’ model (Shapiro & Field 1976; Bregman
∗E-mail: V.Heesen@soton.ac.uk
1980), where the hot, X-ray emitting gas in superbubbles, heated
by multiple SNe, is vented into the halo.
This so-called ‘disc–halo connection’ was first established by
the finding that many star-forming galaxies possess a layer of extra-
planar diffuse ionized gas (eDIG; Dettmar 1992; Rossa & Dettmar
2003a,b). The picture was soon extended to include also the ther-
mal X-ray emission (Tüllmann et al. 2006), a tracer for super-
nova heated gas. It now has become clear that galaxies also pos-
sess extra-planar dust, first seen as sub-mm emission (Neininger &
Dumke 1999) and as absorbing filaments in the optical light (Rossa
et al. 2004), meanwhile observed as thermal (far)-infrared emission
(Hughes et al. 2014) or as reflected UV-emission (Hodges-Kluck &
Bregman 2014). The thick dusty discs of spiral galaxies are in part
produced by the expulsion of dust grains from the thin disc, again
showing the existence of a disc–halo connection. It has been noted
early on that there is a spatial correlation between the eDIG and
the radio continuum emission (Dettmar 1992). The magnetic field
is to very good approximation an ideal MHD plasma and ‘frozen-
in’ the ionized gas, although a small amount of resistivity remains,
which is in fact essential to facilitate magnetic field amplification
by the galactic dynamo. Hence, to first order, in an outflow of ion-
ized gas the magnetic field and cosmic rays are advectively trans-
ported together. Vertical gas motions in the disc–halo interface may
also open up magnetic field lines, allowing cosmic rays to diffuse
along these field lines into the halo. Indeed, magnetic fields in radio
c© 2016 The Authors
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Table 1. Summary of galaxy parameters.
Parameter NGC 7090 NGC 7462 Ref.
D (Mpc) 10.6 13.6 1
Redshift 0.002825 0.003549 1
Scale (pc arcsec−1) 51 65 1
Morphological type Scd Scd 2
Mtot (1010 M) 0.6 0.3 3
i (from face-on) 89◦ 90◦ 2
Matom (109 M) 1.73 2.37 2
Vrot (km s−1) 124 112 3
PA 128◦ 73◦ 4
S 1.4 GHz (mJy) 55 ± 3 25.6 ± 1.3 This paper
S th,1.4 GHz (mJy) 4.5 ± 0.9 1.8 ± 0.9 · · ·
SFRhyb (M yr−1)∗ 0.34 ± 0.02 0.26 ± 0.05 · · ·
SFRrad (M yr−1) 0.58 ± 0.03 0.43 ± 0.02 · · ·
ΣSFR (Myr−1kpc−2)∗ 1.0 × 10−3 7.7 × 10−4 · · ·
B (µG) 8.7 ± 1.1 8.4 ± 1.1 · · ·
α −1.06 ± 0.09 −1.12 ± 0.09 · · ·
αnt −1.24 ± 0.11 −1.29 ± 0.18 · · ·
UIRF/UB 0.31 0.18 This paper
References – 1: NED Virgo Infall only (H0 = 73 km s−1 Mpc−1), 2:
Karachentsev et al. (2013), 3: Dahlem et al. (2006), 4: for NGC 7090 de-
termined from R-band image, for NGC 7462 from Dahlem, Ehle & Ryder
(2001). ∗ based on hybrid (24 µm + FUV) SFR
haloes have in many cases a significant vertical component. Often,
the field lines assume a distinct ‘X’-shaped pattern (e.g. Dahlem
et al. 1997; Tüllmann et al. 2000; Krause et al. 2006; Heesen et al.
2009b; Krause 2009; Soida et al. 2011; Mora & Krause 2013),
which may be caused by a superposition of a plane-parallel and
vertical component. Alternatively, the field lines may deviate from
the flow lines as expected for a galactic dynamo; although flow
lines in hydrodynamical simulations also have a radial component,
so that they are neither purely vertical (e.g. Dalla Vecchia & Schaye
2008).
Cosmic rays do not only have the potential to trace outflows,
it has been theorized early on that they can be pivotal in driving
them, being not subjected to strong radiative losses as the hot, X-ray
emitting gas (Ipavich 1975). A series of papers by D. Breitschw-
erdt and co-workers (e.g. Breitschwerdt, McKenzie & Völk 1991,
1993; Dorfi & Breitschwerdt 2012) have since then laid the theoret-
ical foundation. They found that a cosmic ray driven galactic wind
is likely to form. Furthermore, the cosmic rays are able to transfer
part of their momentum and energy to the gas thus leading to mass-
loaded winds thanks to the coupling between the cosmic rays and
the ionized gas, which is usually referred to as the ‘streaming insta-
bility’ (Kulsrud & Pearce 1969). Cosmic ray driven winds remove
significant amounts of mass, energy and angular momentum during
the evolution of a galaxy. Application to soft X-ray observations of
the Milky Way by Everett et al. (2008) has underlined the impor-
tance of cosmic rays in launching galactic winds. In their ‘best-fit’
model, the initial wind speed is below the sound speed of the com-
bined thermal and cosmic ray gas (Mach number M < 1), acceler-
ates in the halo, where it goes through the critical point (M=1) at
a distance of 2–3 kpc away from the disc and accelerates further to
reach an asymptotic velocity. A consequence of the buoyancy of the
relativistic cosmic ray gas is the cosmic ray driven galactic dynamo
(Hanasz et al. 2009), where magnetic field lines are stretched and
twisted by a combination of cosmic ray buoyancy force, Coriolis
force and differential rotation. A galactic wind has profound conse-
quences for the directional symmetry of the magnetic field structure
in disc and halo. Moss et al. (2010) could show that mixed parity
solutions, e.g. even disc and odd halo parity, can be obtained only
if a galactic wind is included in the modelling.
In this paper, we present a radio continuum polarimetry study
of two edge-on spiral galaxies, NGC 7090 and NGC 7462, at λλ
22 and 6 cm, observed at sub-kpc spatial resolution. We combine
our radio observations with Balmer Hα emission maps to correct
for the contribution of thermal radio continuum emission and use
a combination of GALEX FUV and Spitzer and WISE mid-infrared
emission to measure spatially resolved star formation rate surface
densities (ΣSFR). Both NGC 7090 and 7462 have been scrutinized in
earlier studies. Dahlem, Ehle & Ryder (2001) presented an ATCA
radio continuum study at λλ 22 and 13 cm, showing that both of
them possess radio haloes. In a follow-up study, extending this re-
search to H I observations, Dahlem et al. (2005) showed that both
galaxies have thick discs of atomic hydrogen, with irregularities de-
tected both in the H I distribution and velocity field. Furthermore,
Rossa & Dettmar (2003a,b) found extra-planar Balmer Hα emis-
sion, revealing the existence of ionized H+ gas in their haloes. Here,
we present the re-reduced combined data at λ22 cm of Dahlem et al.
(2001, 2005) with 230 h on-source time and newly acquired ob-
servations at λ6 cm with 160 h on-source time; we note that we
omitted a re-analysis of the λ13 cm data of Dahlem, Ehle & Ryder
(2001), because the observations are less sensitive than either at
λλ 22 or 6 cm and no further data were acquired. We present also
for the first time maps of the linearly polarized radio continuum
emission of both galaxies. Some fundamental galaxy parameters
are summarized in Table 1.
This paper is organized as follows. In Section 2 we describe
our observations and data reduction, followed by Sect. 3, where we
describe our analysis of the vertical distribution of the non-thermal
radio continuum emission. Our work probes the application of the
diffusion–loss equation to describe the transport of cosmic rays as
explained in Sect. 4, results of which are presented in Sect. 5. In
Sect. 6 we make use of the linear polarization to study the halo
magnetic field structure. We discuss implications in Sect. 7 and fin-
ish off with a summary of our conclusions in Sect. 8. Throughout
the paper, the radio spectral index α is defined in the sense S ν ∝ να.
2 OBSERVATIONS AND DATA REDUCTION
2.1 Radio continuum polarimetry
2.1.1 Observational setup, calibration and imaging
Observations were taken with the Australia Telescope Compact Ar-
ray (ATCA), prior to the correlator upgrade with its then radio con-
tinuum mode.1 We observed at λ6 cm with 2 × 128 MHz band-
width distributed in two ‘IFs’ (intermediate frequencies) centered
at 4.800 and 4.544 GHz, respectively. At λ22 cm we used a single
IF with a bandwidth of 128 MHz centered at 1.384 GHz, where
the other IF was used either for a simultaneous observing of con-
tinuum emission at λ13 cm (project code C655) or for observing
of the H I line of atomic hydrogen (C1005). Observing runs lasted
typically 10 h, or longer, to ensure good (u,v)-coverage, and started
1 The Australia Telescope is funded by the Commonwealth of Australia for
operation as a National Facility managed by CSIRO.
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Table 2. ATCA observing journal.
Array Project ID Obs Dates Freq BWidth Time
(MHz) (MHz) (h)
—NGC 7090—
750B C655 1997 Aug 6 1384.0 128.0 16.6
750C C655 1997 Oct 18 1384.0 128.0 15.8
750A C655 1998 May 1 1384.0 128.0 14.2
1.5D C655 1998 Oct 16 1384.0 128.0 14.0
1.5D C655 1998 Oct 19 1384.0 128.0 6.0
1.5B C655 1999 Apr 2 1384.0 128.0 14.1
EW352 C1005 2001 Oct 14 1384.0 128.0 8.3
1.5D C1005 2001 Nov 16 1384.0 128.0 8.0
750D C1005 2003 Feb 23 1384.0 128.0 1.4
750D C1005 2003 Feb 24 1384.0 128.0 8.0
1.5B C1005 2003 Jan 13 1384.0 128.0 8.5
6D C1005 2003 Jul 15 1384.0 128.0 5.6
6A C1005 2003 Dec 13 1384.0 128.0 8.6
1.5C C1487 2005 Nov 29 4672.0 256.0 15.8
6A C1487 2005 Dec 8 4672.0 256.0 15.5
6A C1487 2005 Dec 9 4672.0 256.0 15.7
EW352 C1487 2006 Jan 17 4672.0 256.0 14.2
750A C1487 2006 Jan 22 4672.0 256.0 16.4
—NGC 7462—
750B C655 1997 Aug 8 1384.0 128.0 13.9
750C C655 1997 Oct 19 1384.0 128.0 13.8
750A C655 1998 May 3 1384.0 128.0 14.6
1.5D C655 1998 Oct 18 1384.0 128.0 14.8
1.5D C655 1998 Oct 20 1384.0 128.0 1.6
750D C1005 2001 Sep 27 1384.0 128.0 7.4
EW352 C1005 2001 Oct 16 1384.0 128.0 8.3
1.5D C1005 2001 Nov 20 1384.0 128.0 6.6
1.5B C1005 2003 Jan 14 1384.0 128.0 8.2
6D C1005 2003 Jul 16 1384.0 128.0 4.8
6A C1005 2003 Dec 13 1384.0 128.0 8.7
1.5C C1487 2005 Nov 28 4672.0 256.0 15.2
6A C1487 2005 Dec 10 4672.0 256.0 15.1
6A C1487 2005 Dec 11 4672.0 256.0 17.7
EW352 C1487 2005 Jan 15 4672.0 256.0 14.2
750A C1487 2006 Jan 23 4672.0 256.0 16.4
Notes – Observing times are on-source, corrected for 20 per cent calib-
ration overheads.
with a 10–15 min long scan of J1938−634 as flux (primary) calibra-
tor, which is also used to measure the absolute polarization angle.
Observations of our source were interleaved every 30 min with a
5 min observation of a phase (secondary) calibrator, which were
J2106−413 and J2117−642 for NGC 7090 and 7462, respectively.
Each observing run had enough parallactic angle coverage (>≈ 60◦),
so that we were able to calibrate for the instrumental polarization
of all antennae. The ATCA is an East–West interferometer, consist-
ing of six 22-m antennae, five of which (CA01–CA05) are movable
along a railway track. We used a variety of configurations ranging
from the compact EW352 (350-m maximum baseline) to the ex-
tended 6A (2.9-km maximum baseline) configuration in order to
fill in the (u,v)-plane with visibilities, so that we are sensitive to
extended emission.2 A journal of the observations is presented in
Table 2.
We followed standard data reduction procedures using
MIRIAD (Sault, Teuben & Wright 1995), setting our flux densi-
ties according to the Baars et al. (1977) flux scale. For imaging,
we used the Multi-Scale Multi-Frequency Synthesis (MS–MFS)
cleaning algorithm (Rau & Cornwell 2011) of the Common Astron-
omy Software Applications (CASA; McMullin et al. 2007). MS–
MFS cleaning removes any residual flux densities very efficiently
(Hunter et al. 2012), which is particularly important for extended
sources that are large in comparison to the synthesized beam. We
inverted the (u,v)-data where we used a ‘Briggs’ robust weighting
of 0.5 in total power radio continuum (Stokes I) and an outer (u,v)-
taper of 12× 24 kλ (PA = 90◦) in order to boost the signal-to-noise
ratio (S/N). Antenna CA06 is at a fixed location, approximately
3 km away from the nearest of the other antennae. Including it re-
sults in having baselines up to 6 km length, whereas without it the
baseline lengths are smaller than 3 km. Hence, we included antenna
CA06 for the λ22 cm maps, but not in the λ6 cm maps, resulting in
a similar (u,v)-coverage and angular resolution. We used cleaning
scales of up to 300 arcsec angular size, similar to the angular extent
of our galaxies, and we cleaned all maps until we reached compo-
nents with amplitudes of 2 × the rms noise level. For the maps in
polarization (Stokes Q and U) we used natural weighting and left
out antenna CA06 both at λλ 22 and 6 cm, in order to boost the sen-
sitivity of weak extended emission. Because our synthesized beam
in polarization was relatively large (27–34 arcsec) and the emis-
sion in Stokes Q and U is relatively compact, we chose to clean the
maps with the MFS implementation of clean in MIRIAD, without
the use of multiple angular cleaning scales.
2.1.2 Specific data reduction issues
We encountered several specific issues with our data, which re-
quired a special treatment, which we outline in the following.
Firstly, the wide field-of-view (FoV) of the λ22 cm maps meant
that a number of bright sources, mostly unresolved, were in the out-
skirts of the map close to the half-power point or beyond. Because
of the uncertainty of the primary beam model in this region, and
the fact that small positional changes (phase errors) will result in
large changes of the antenna amplitude gains, sources can have sig-
nificant residual sidelobes after cleaning, increasing the rms noise
level of the maps. Hence, we attempted to ‘peel’ the sources away,
by tailoring antenna gain solutions to them and subsequently sub-
tracting them from the (u,v)-data. We applied the following proce-
dure: firstly, we subtracted all sources in the field except the source
to be peeled from the (u,v)-data using clean components. Then a
self-calibration in amplitude and phase (GAINCAL in CASA with a
600 s solution interval) was performed using a model of the to be
peeled source only, resulting in amplitude and gain corrections to
the antennas. The model of the source was inserted into the model
column of the measurement set with FT in CASA and the gain cor-
rections were applied to this model column using the CASA toolkit
function CB.CORRUPT. The source was subtracted with UVSUB.
The map was cleaned again in order to create an updated model
of the field and the procedure was repeated with the next source to
be peeled. We subtracted eight sources from each map in this way,
where we grouped several unresolved sources together if they were
2 Maximum baselines lengths do not include the fixed antenna CA06,
which provides baseline lengths of 4–6 km in all configurations.
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Table 3. Total power (TP) and polarized intensity (PI) maps.
Galaxy λ Resolution (arcsec) Noise (µJy beam−1)
(cm) TP PI σTP σPI
NGC 7090 22 13.8 30.4 28 27
NGC 7090 6 13.8 27.5 13 12
NGC 7462 22 13.9 37.4 25 26
NGC 7462 6 13.9 27.0 9 12
nearby to each other. As the last step, we performed two rounds
of ordinary self-calibration in phase only on the entire field, using
a solution interval of 200 s. In this way we were able to remove
the sidelobes of the bright sources in a sufficient way, leading to an
improved rms noise level, 25 per cent lower than in the un-peeled
maps. We checked that the flux densities of our galaxies changed
by only 3 per cent at most.
Another issue we encountered was that we were not able to
use the first five channels (of the 13 channels in total) at λ22 cm
in polarization, because ring-like structures appeared in the maps
that could not be identified and flagged in the (u,v)-data. It should
be noted that channel number three was flagged by the online flag-
ging system, and the adjacent channels (two and four) showed the
strongest ring-like structures, so that the problem was obviously in
the data recording and not some transient radio frequency interfer-
ence (RFI) affecting the data, which we could have flagged. Lastly,
we note that the largest angular structure the ATCA can image well
at λ6 cm in the EW352 array is 460 arcsec, assuming an observing
time of 1 d. Both our galaxies fall comfortably within this limit,
with the largest angular scale of 300 arcsec, as estimated from the
star formation rate surface density maps (Figs 1(b) and 2(b)).
All maps were primary beam corrected using LINMOS (part of
MIRIAD), before we exported them into FITS format and took them
for further analysis into AIPS. 3 Details of the maps presented in
this paper can be found in Table 3, where angular resolutions are
referred to as the full-width at half-mean (FWHM).
2.2 Thermal radio continuum emission
We created maps of the thermal (free–free) radio continuum emis-
sion using Balmer Hα emission line maps following standard con-
version (e.g. Deeg, Duric & Brinks 1997, equation 3, electron tem-
perature T = 104 K). NGC 7090 is part of the Local Volume Legacy
(LVL) survey (Kennicutt et al. 2008), where calibrated Hα and con-
tinuum subtracted Hα maps are readily available. NGC 7090 and
7462 are part of the Hα survey by Rossa & Dettmar (2003a,b),
who supplied us with un-calibrated, but continuum subtracted Hα
and an R-band optical maps. In order to bootstrap the Hα flux of
NGC 7462, we assumed that the ratio of the Hα to the R-band flux
is identical for both NGC 7090 and 7462 in instrumental units. We
obtained R-band fluxes from Doyle et al. (2005) and scaled the Hα
map of NGC 7462 accordingly. We estimate the accuracy of this
method to be accurate within 50 per cent. This is, however, for
the purpose of this work accurate enough. At a reference height
of 2 kpc, the thermal radio continuum fraction is only 5 per cent
at λ6 cm in NGC 7462. Hence, even a 50 per cent uncertainty will
hardly change the results of our scale height analysis.
Foreground stars in the Hα maps were masked, and pixels
3 AIPS, the Astronomical Image Processing Software, is free software avail-
able from NRAO.
replaced with values of surrounding pixels. NGC 7462 was sur-
rounded by a bowl of negative emission, probably due to a too
conservative continuum subtraction. We corrected this using a con-
stant offset, where all emission outside of the bowl was blanked.
All data were corrected for foreground absorption, using AV =
2.5× E(B−V) mag, where we used the E(B−V) magnitudes from
Schlafly & Finkbeiner (2011). We did not correct for internal ab-
sorption due to dust in the galaxies, which means that we may un-
derestimate the amount of thermal radio continuum emission, par-
ticularly in the disc plane. We will come to this limitation in the
following analysis and discuss its implications there (Sects 5.2 and
5.3).
3 ANALYSIS
We present the radio continuum maps of NGC 7090 and 7462
in Figs 1 and 2, respectively. Both galaxies clearly display extra-
planar radio continuum emission, extending beyond the optical
disc, which we will analyse in this section. Before we proceed,
we subtract the thermal radio continuum (free–free) emission using
Balmer Hα as a tracer, so that we are left over with the non-thermal
radio continuum emission only. Furthermore, we have masked un-
related background sources, which are mostly point-like, i.e. unre-
solved. The exception is an area in the southern halo of NGC 7462,
centred on J2000.0 RA 23h02m48.s3 Dec. −40◦51′12′′, which con-
tains diffuse emission. It also harbours one double-peaked (65 µJy
each) background source at RA 23h02m48.s7 Dec. −40◦50′48′′, with
3 arcsec separation (PA ≈ 240◦), which we could split with the full
resolution (6-km baseline) λ6 cm observations. Because the emis-
sion in this area is morphologically very different from the remain-
ing radio continuum emission, and clearly separated, we masked
it as unrelated background emission. It may be speculated that
the masked spurious emission is related to an active galactic nu-
cleus (AGN); but we did not find any prominent unresolved source
(>70 µJy) in the centre of NGC 7462, which would hint at any past
or current AGN activity.
3.1 Non-thermal radio continuum emission
3.1.1 Scale heights
Following Dumke et al. (1995), we used analytical functions that
allow the fitting of vertical radio continuum emission profiles with
one or two component Gaussian or exponential functions, where
the instrumental point spread function (PSF) is assumed to be of
Gaussian shape. In addition to the PSF, a correction for projected
disc emission can be added, for instance by fitting a Gaussian
and adding the FWHM in quadrature. Assuming that both of our
galaxies are in an almost exact edge-on position (i > 89◦), no
such correction is required. Hence, we use an effective beam size
σ = 0.5 · FWHM/√2 ln(2) ≈ 0.425 · FWHM, where FWHM is the
angular (spatial) resolution of our maps, resulting in σ = 0.30 and
0.38 kpc for NGC 7090 and 7462, respectively. As we shall see, in
our case a one-component Gaussian function is appropriate for one
of our galaxies, for which the analytical function is:
WGauss(z) =
woz0√
2σ2 + z20
exp
(
− z
2
2σ2 + z20
)
, (1)
with σ being the effective beam size, w0 the maximum of the distri-
bution and z0 the (Gaussian) scale height. For the second galaxy in
MNRAS 000, 1–21 (2016)
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Figure 1. ATCA observations of NGC 7090. Top left: λ22 cm total power (TP) radio continuum emission at 13.8 arcsec resolution overlaid on a Balmer
Hα emission map, convolved with a 3 arcsec Gaussian kernel to highlight weak, diffuse emission. Contours are at 3, 6, 10, 20, 40 and 80 × 28 µJy beam−1.
Hatched areas show masked map regions. Top right: λ6 cm total power (TP) radio continuum emission at 13.8 arcsec resolution, overlaid on a ΣSFR map
(FWHM = 6.7 arcsec) from a linear combination of GALEX FUV and Spitzer 24 µm emission. Contours are at −3, 3, 6, 10, 20, 40, and 80 × 13 µJy beam−1.
Hatched areas show masked map regions. The stripes used for measuring the non-thermal radio continuum scale heights are shown as well. Bottom left:
λ22 cm linearly polarized intensity (PI) and B-vectors at 30.4 arcsec resolution, overlaid on the degree of depolarization (DP) between λλ 22 and 6 cm (0:
entirely depolarized, 1: no depolarization, σDP = 0.3), where a constant non-thermal radio spectral index of −1.26 was assumed. Contours are at 2, 4, and 6 ×
27 µJy beam−1. Bottom right: λ6 cm linearly polarized intensity (PI) and B-vectors at 27.0 arcsec resolution, overlaid on the rotation measure (RM) between
λλ 22 and 6 cm (σRM = 10 rad m−2). Contours are at 2, 4, and 6 × 12 µJy beam−1. B-vectors are of polarized emission: the position angle of the polarized
electric field rotated by 90◦, not corrected for Faraday rotation, with the length proportional to the polarized intensity and only plotted where PI > 2σPI.
Ellipses show the optical extent of the disc (7.4× 1.3 arcmin, source: NED). The maps were rotated, so that the major axis is aligned in East–West orientation.
our study, a two-component function is appropriate, of which one
component takes the following form:
Wexp(z) =
w0
2
exp
(
− z
2
2σ2
)
×
exp (σ2 − zz0√
2σz0
)2
erfc
(
σ2 − zz0√
2σz0
)
+ exp
(
σ2 + zz0√
2σz0
)2
erfc
(
σ2 + zz0√
2σz0
) , (2)
with the complementary error function:
erfc(x) = 1 − erf(x) = 2√
pi
∫ ∞
0
exp(−r2)dr. (3)
Again, σ is the effective beam size, w0 the maximum of the distri-
bution and z0 the (exponential) scale height. We averaged the maps
in stripes in order to raise the S/N of the weak emission in the halo.
A stripe width around 2 kpc is ideal to do this, because this is the
maximum typical diffusion length of cosmic rays in the disc (Mur-
phy et al. 2008; Tabatabaei et al. 2013b), so that we do not smear
out a change of the local scale height. Hence, we used widths of
1.7 kpc (NGC 7090) and 2.4 kpc (NGC 7462), sampled with a ver-
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Figure 2. ATCA observations of NGC 7462. Top left: λ22 cm total power (TP) radio continuum emission at 13.9 arcsec resolution overlaid on a Balmer Hα
emission map, convolved with a 3 arcsec Gaussian kernel to highlight weak, diffuse Hα emission. Contours are at −3, 3, 6, 10, 20, 40 and 80 × 25 µJy beam−1.
Hatched areas show masked map regions. Top right: λ6 cm total power (TP) radio continuum emission at 13.9 arcsec resolution, overlaid on a ΣSFR map
(FWHM = 12 arcsec) from a linear combination of GALEX FUV and WISE 22 µm emission. Contours are at −2, 2, 4, 8, 16, 32, and 64 × 9 µJy beam−1.
Hatched areas show masked map regions. The stripes used for measuring the non-thermal radio continuum scale heights are shown as well. Bottom left:
λ22 cm linearly polarized intensity (PI) and B-vectors at 37.4 arcsec resolution, overlaid on the degree of depolarization (DP) between λλ 22 and 6 cm (0:
entirely depolarized, 1: no depolarization, σDP = 0.3), where a constant non-thermal radio spectral index of −1.26 was assumed. Contours are at 2, 4, and 6 ×
26 µJy beam−1. Bottom right: λ6 cm linearly polarized intensity (PI) and B-vectors at 27.0 arcsec resolution, overlaid on the rotation measure (RM) between
λλ 22 and 6 cm (σRM = 10 rad m−2). Contours are at 2 and 4 × 12 µJy beam−1. B-vectors are of polarized emission: the position angle of the polarized electric
field rotated by 90◦, not corrected for Faraday rotation, with the length proportional to the polarized intensity and only plotted where PI > 2σPI. Ellipses show
the optical extent of the disc (4.6 × 1.2 arcmin, source: DSS blue). The maps were rotated, so that the major axis is aligned in East–West orientation.
tical spacing of 7 arcsec, which is half of our angular resolution,
equivalent to 350 and 460 pc in NGC 7090 and 7462, respectively.
The stripes for the extraction of the vertical profiles are shown in
Figs 1(b) and 2(b); these were fitted using a least-squares routine,
which provides a formal error of the fit parameters. The profiles
along with the fits are presented in Fig. 3 and averaged scale heights
are tabulated in Table 4 (see Appendix B for the scale heights in the
individual stripes).
We find that in NGC 7090 the vertical profiles can be equally
well described by a two-component exponential (χ2 = 1.3) or a
two-component Gaussian fit (χ2 = 1.2). Presented in Fig. 3(a) are
the exponential fits, because, as we shall see in Sect. 5, the advec-
tive transport of cosmic rays in NGC 7090 favours them over Gaus-
sian profiles. The thin disc in NGC 7090 has non-thermal scale
heights of 0.35 ± 0.06 and 0.37 ± 0.08 kpc (λλ 22 and 6 cm) in
the northern and 0.40 ± 0.06 and 0.29 ± 0.10 kpc in the southern
thin disc. In NGC 7462, the profiles shown in Fig. 3(b) can be bet-
ter fitted with a one-component Gaussian fit (χ2 = 0.6) than by a
one-component exponential fit (χ2 = 1.5), except at λ22 cm in the
northern halo, where the one-component exponential fit is better
(χ2 = 1.2) than a one-component Gaussian fit (χ2 = 2.7). This is
largely because of a second, more extended component, which can
be traced in the northern stripes at offsets of −2.4 and 0 kpc; a sim-
ilar, albeit less prominent, component can be found in the southern
stripe at an offset of −2.4 kpc. Because we do not detect this emis-
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(a) NGC 7090: Vertical Intensity Profiles (b) NGC 7462: Vertical Intensity Profiles
Figure 3. Vertical profiles of the non-thermal radio continuum intensity as function of the distance to the galactic midplane. The offset of each stripe centre is
indicated in each panel where ‘+’ indicates an offset to the East and ‘−’ to the West (see Figs 1(b) and 2(b)). Data points denote the average radio continuum
intensity at λλ 22 and 6 cm. Lines indicate least-squares fits to the data points, where solid, dark-blue lines are fits to the λ22 cm data points and dashed,
orange lines to those at λ6 cm. Left: NGC 7090, where the fits are two-component exponential functions. Right: NGC 7462, where the fits are one-component
Gaussian functions. Three stripes at λ22 cm (−2.4 kpc North and South, 0 kpc North) show halo emission as a second, more extended, component (see text).
sion in any of the other stripes, nor at λ6 cm, we omit it in the
following analysis.
Notably, NGC 7462 does not have a thin disc. The only other
galaxy known to have a Gaussian vertical profile is NGC 4594
(M104, the Sombrero Galaxy), an Sa galaxy, which is dominated
by its large central bulge (Krause, Wielebinski & Dumke 2006).
However, we have to caution that this result can be changed when
also fitting for the baselevel. A baselevel of ≈−1σTP allows us to fit
the profiles with an exponential function with a similar reduced χ2
as for the Gaussian fit. We will come back to the significance of this
finding in the further analysis of NGC 7462 (Sect. 5.3). If we were
to fit the profiles with a one-component exponential function, the
scale height would be only 0.9 ± 0.1 kpc, both at λλ 22 and 6 cm,
significantly less than in NGC 7090 and observed in other galax-
ies (Krause 2011), underlining that the radio halo of NGC 7462 is
different from that of most other galaxies.
It should be noted that the inclination angles we used were
derived from the ratio of the optical minor to major axis, so that they
are not very reliable. But we found that for an inclination angle of
i = 85◦ the scale height of the thick disc for both a one-component
Gaussian or a two-component exponential fit decreases by two per
cent only. Hence, we conclude that our scale height measurements
are robust with respect to the uncertainty of the inclination angle.
3.1.2 Radio spectral index
The galaxy-wide integrated radio spectral indices for both galaxies
are ≈−1.1 and ≈−1.3, for the total and non-thermal radio contin-
Table 4. Non-thermal radio continuum scale heights z0.
Galaxy λ North South Weighted mean
(cm) (kpc) (kpc) (kpc)
NGC 7090 22 1.73 ± 0.17 1.53 ± 0.39 1.70 ± 0.22
NGC 7090 6 1.90 ± 0.69 1.14 ± 0.44 1.35 ± 0.51
NGC 7462 22 1.57 ± 0.10 1.44 ± 0.05 1.47 ± 0.06
NGC 7462 6 1.31 ± 0.07 1.39 ± 0.04 1.36 ± 0.05
Notes – Values are weighted arithmetic means of the scale heights measured
in the stripes. Scale heights in NGC 7090 are referring to the thick disc from
the two-component exponential fitting functions; in NGC 7462 they refer to
the disc from the one-component Gaussian fitting functions.
uum emission, respectively. The steep non-thermal spectral index
indicates that in both galaxies CRe radiation losses, synchrotron
and inverse Compton radiation, are important and the CRe escape
fraction is small (Lisenfeld & Völk 2000). Hence, as a second char-
acterization of the vertical distribution of the non-thermal radio
continuum emission, we measure profiles of the non-thermal radio
spectral index. The radio continuum emission in the halo is weak,
adversely affecting the accuracy of spectral index measurements. A
higher S/N value reduces the uncertainty, so that we averaged only
in one stripe between the same offsets along the major axis as used
for measuring the scale heights (±4.25 kpc for NGC 7090, ±6.0 kpc
for NGC 7462). We present the vertical profiles of the non-thermal
radio spectral index in Fig. 4 (these values can be found in Ap-
pendix B).
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In NGC 7090, the non-thermal radio spectral index is −1.0 in
the galactic midplane and steepens rapidly to −1.4 6 αnt 6 −1.2
within heights of 2 kpc. From then on, the radio spectral index
steepens less rapidly reaching values of ≈−1.5 at a height of 4 kpc,
the limit to which we can measure its value with a sufficient de-
gree of certainty. In contrast, the radio spectral index in NGC 7462
shows only little steepening within heights of 2 kpc, where values
of −1.3 6 αnt 6 −1.2 are found. At heights larger than 2 kpc, how-
ever, the spectral index steepens rapidly, particularly in the northern
halo, reaching there a value of −2.2±0.4. In Sect. 4 we will present
idealized models for the transport of cosmic rays, in order to calcu-
late synthetic spectral index profiles, which we can compare with
the observations.
3.2 Line-of-sight averaged quantities
The geometry of an edge-on galaxy restricts measurements to aver-
ages along the line-of-sight (LoS). The lengths of the lines-of-sight
range from several kpc to at least ≈10 kpc and, consequently, quan-
tities are averaged over a large variation of galactocentric radii.
3.2.1 Magnetic field strengths
We determine (total) magnetic field strengths B from the revised
equipartition formula, using the non-thermal radio continuum in-
tensities at λ22 cm as input for the program BFIELD of Beck &
Krause (2005). Intensities are converted into surface brightnesses
appropriate for a ‘face-on’ view (i = 0◦) as function of the off-
set along the major axis. The non-thermal radio spectral index is
another input for BFIELD and is assumed to be −1.0. Our measure-
ment between λλ 22 and 6 cm resulted into a steeper non-thermal
spectral index of ≈−1.25 (Sect. 3.1.2), but is this probably not rep-
resentative for the entire spectrum and with most of the energy con-
tained in low-energy cosmic rays, we revert to a more conservative
choice. We assume a polarization degree of 10 per cent, where we
note that the resulting estimate of the total magnetic field strength
depends only weakly on this particular choice (choosing 5 per cent
instead makes a difference of less than 1 per cent). Furthermore, we
assumed an integration length of 1 kpc perpendicular to the galac-
tic plane, which is appropriate for the radio continuum emission in
the thin disc (Sect. 3.1.1) and in accordance with usually used as-
sumptions in the literature (e.g. Niklas & Beck 1997; Heesen et al.
2014). Lastly, we use K = 100 as the number density ratio of the
cosmic ray protons to the CRe.
In order to calculate globally averaged magnetic field
strengths, we convert the integrated radio continuum flux den-
sity into an averaged surface brightness and repeat above analy-
sis. We find that the globally averaged magnetic field strength in
NGC 7090 is 8.7 µG and NGC 7462 it is 8.4 µG, which is close
to 8.4 µG, the mean value of the WSRT SINGS sample (Heesen
et al. 2014), meaning that our galaxies have very average magnetic
field strengths. The average magnetic field strength along the LoS
varies between 5 and 13 µG, the lower value found in the outskirts
of the galaxies and the higher one in the centre. For the area in
which we measure scale heights and non-thermal spectral indices,
the magnetic field strength is mostly within a range of 8–12 µG,
so that we assume an average magnetic field strength of 10 µG in
what follows. From the linearly polarized intensity, we can measure
the magnetic field strengths of the ordered component in the halo,
results of which we will present in Sect. 6.
3.2.2 Photon energy densities
Inverse Compton (IC) radiation losses depend on the energy den-
sity of the interstellar radiation field (IRF). It can be described as
the superposition of the energy densities of the Cosmic Microwave
Background (CMB) with UCMB = 4.2 × 10−13 erg cm−3 at redshift
zero, the infrared (IR) radiation field, and the stellar (optical) ra-
diation field. Usually the stellar radiation field is scaled to the IR
radiation field with Ustar = 1.73 × UIR, as derived for the solar
neighbourhood (Draine 2011; Tabatabaei et al. 2013a). The infrared
radiation field can be measured from the total IR luminosity. For
NGC 7090 we use the prescription by Dale & Helou (2002), using
Spitzer 24, 70 and 160 µm luminosities from Dale et al. (2009).
For NGC 7462, we use the prescription by Condon (1992), using
the IRAS flux densities at 60 and 100 µm. A global IR radiation en-
ergy density can then be calculated as UIR = LFIR/(2pir2intc). Here,
rint is the galactocentric radius of the galaxy to which we integrated
the radio flux densities, and c is the speed of light. We can calculate
the global energy density of the IRF as Urad = UIRF + UCMB, where
UIRF = 2.73 UIR.
In order to obtain a local (kpc scale) IRF energy density, we
assume that it scales with ΣSFR, because the bulk of the dust heating
UV-radiation comes from young, massive stars. We find that the
average ratio of the photon energy density to that of the magnetic
field is 0.31 (NGC 7090) and 0.18 (NGC 7462). These values mean
that the CRe energy loss rate is dominated by synchrotron over IC
radiation losses.
3.2.3 CRe lifetime
In the interstellar medium (ISM), CRe are losing their energy
mainly due to synchrotron and IC radiation, so that GeV-electrons
have lifetimes of a few 107 yr. The ionization and bremsstrahlung
losses for typical ISM densities of n = 0.05 cm−3 result in lifetimes
of the order of 109 yr and can hence be neglected (Heesen et al.
2009a), where we assume that cosmic rays are tracing the average
density of the ISM within a factor of a few (Boettcher et al. 2013).
The combined synchrotron and IC loss rate for CRe is given by
(e.g. Longair 2011):
−
(
dE
dt
)
= b(E) =
4
3
σTc
(
E
mec2
)2
(Urad + UB), (4)
where Urad is the radiation energy density, UB = B2/8pi is the mag-
netic field energy density, σT = 6.65 × 10−25 cm2 is the Thomson
cross section and me = 511 keV c−2 is the electron rest mass. The
time dependence of the energy is E(t) = E0(1 + t/trad)−1, so that at
t = trad the CRe energy has dropped to half of its initial energy E0.
The CRe lifetime, as determined by synchrotron and IC radiation
losses, can be expressed by:
trad = 34.2
(
ν
1 GHz
)−0.5 ( B
10 µG
)−1.5 (
1 +
Urad
UB
)−1
Myr. (5)
In NGC 7090 and 7462, we find CRe lifetimes, averaged along the
lines-of-sight, of 16–60 Myr, with the shorter lifetimes in the cen-
tre of the galaxies, where the magnetic field strengths and photon
energy densities are highest.
3.2.4 Uncertainties
The equipartition estimate of the magnetic field strength depends
on the input values with a power of only 1/(3 − αnt) = 0.25, so
that even large input errors hardly affect the results. If we assume
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Figure 4. Vertical profiles of the non-thermal radio continuum emission and the non-thermal spectral index in NGC 7090 (averaged between offsets of
±4.25 kpc, top row) and NGC 7462 (averaged between offsets of ±6.0 kpc, bottom row). Negative values of z are for the southern halo, and positive ones
are for the northern halo. Left panels: modelled profiles from the solution of the 1D cosmic ray transport equations for advection (NGC 7090) and diffusion
(NGC 7462) shown as solid, dark-blue (λ22 cm) and as dashed, orange (λ6 cm) lines. The short-dashed lines show the thin disc intensities in NGC 7090, not
convolved to the resolution, so that they appear not to fit to the data. Right panels: lines show our 1D cosmic ray transport models, with the best-fitting model
shown as thick (solid, except in the S halo of NGC 7462) blue line and the error interval indicated by the dashed lines.
a combined input uncertainty of 50 per cent, arising from the num-
ber density ratio, integration length and subtraction of thermal ra-
dio continuum emission, our magnetic field uncertainty is 12.5 per
cent. We checked that an uncertainty of ±0.1 in the non-thermal
spectral index has only 3 per cent influence on the magnetic field
strength. Consequently, the magnetic field energy density has an
uncertainty of 25 per cent, which is then also the uncertainty of the
CRe loss term b(E). In what follows, we do not take this systematic
error into account and only derive statistical least-squares fitting er-
rors. But for deriving absolute values of the advection speed and
diffusion coefficient, one would have to add it to the error budget.
4 COSMIC RAY TRANSPORT MODELS
4.1 Non-calorimetric numerical models
The vertical profiles of the non-thermal radio continuum emission
can be modelled by solving the diffusion–loss equation for the CRe
number density N(E) and convolving it with the synchrotron emis-
sion spectrum of a single CRe (e.g. Longair 2011):
dN(E)
dt
= D∇2N(E) + ∂
∂E
[b(E)N(E)] + Q(E, t), (6)
where b(E) = −dE/dt for a single CRe as given by Equation (4).
Massive spiral galaxies have rather constant SF histories, so that the
CRe injection rate is constant and the source term Q(E, t) has no ex-
plicit time dependence. We assume that all sources of CRe a located
in the disc plane, neglecting a possible in-situ CRe re-acceleration
in the halo, so that for the source term we have Q(E, t) = 0 for
|z| > 0. Equation (6) can be numerically integrated in time until a
stationary solution is found.
We take here a slightly different approach, first by restricting
ourselves to a one-dimensional (1D) problem, and second by im-
posing a fixed inner boundary condition of N(E, 0) = N0E−γinj . In
the stationary case, the change of the CRe number density ∂N/∂t
is solely determined by the energy loss term (second term on the
right hand side of Equation (6)). Noticing that for advection we
have ∂N/∂t = V∂N/∂z, we can re-write Equation (6) for the case
of pure advection to:
∂N(E, z)
∂z
=
1
V
{
∂
∂E
[b(E)N(E, z)]
}
(Advection), (7)
where V is the advection speed, assumed here to be constant. Simi-
larly, for diffusion we have ∂N/∂t = D∂N2/∂z2 (Fick’s second law
of diffusion4), so that we can re-write Equation (6) for the case of
4 See any physics textbook on heat conduction.
MNRAS 000, 1–21 (2016)
10 V. Heesen et al.
 0.2
 0.3
 0.4
 0.5
 0.6
 0.7
 0.8
 0.9
 1
CR
e 
de
ns
ity
 [N
(E
,z)
]
etc.λ22 cm
λ6 cm
  
10-2
10-1
100
No
n-
Th
er
m
al
 In
te
ns
ity
 (I
nt
)
B0 = 10 µG
hB = 4 kpc
V = 200 km s-1
 
B0 = 10 µG
hB = 8 kpc
V = 200 km s-1
 
B0 = 10 µG
hB = 1e4 kpc
V = 200 km s-1
-3
-2.5
-2
-1.5
-1
-0.5
0 1 2 3 4 5
NT
 R
ad
io
 S
pe
ct
ra
l I
nd
ex
 (α
nt
)
γinj=2.1
γinj=2.2
γinj=2.3
γinj=2.4
γinj=2.6
γinj=2.8
γinj=3.0
0 1 2 3 4 5 6
 
Distance to Galactic Disc (z) [kpc]
1 2 3 4 5 6
 
 
Figure 5. Family of one-zone SPINNAKER advection models with various CRe energy injection indices (γinj = 2.1 . . . 3.0, note that the order of the lines in the
plots and in the legend are identical). The advection speed is V = 200 km s−1, the magnetic field strength in the galactic disc is B0 = 10 µG and the ratio of the
energy densities of the interstellar radiation field to that of the magnetic field is UIRF/UB = 0.3 (constant ratio everywhere). The magnetic field scale height
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CRe number density (top panels) and of the non-thermal radio continuum intensity (middle panels) are for λ22 cm (solid lines) and for λ6 cm (dashed line),
respectively. The non-thermal radio spectral index between λλ 22 and 6 cm is shown in the bottom panels.
pure diffusion to:
∂2N(E, z)
∂z2
=
1
D
{
∂
∂E
[b(E)N(E, z)]
}
(Diffusion), (8)
where we parametrize the diffusion coefficient as function of the
CRe energy as D = D0E
µ
GeV. Usually, values for µ are thought to
be between 0.3 and 0.6 (Strong, Moskalenko & Ptuskin 2007). We
assume an exponential magnetic field distribution:
B(z) =
 B0 · exp(−|z|/hB1) (|z| 6 z1)B0 · exp(−z1/hB1) · exp(−|z|/hB2) (|z| > z1). (9)
Here, hB1 and hB2 are the magnetic field scale heights in the thin
and thick disc, respectively, and z1 is the transition height between
the two.
Equations (7) and (8) can be integrated numerically from
the inner boundary. The CRe energy injection spectral index can
be obtained from the non-thermal radio spectral index via αnt =
(1−γinj)/2. Further details about the numerical solution of the CRe
number density and the calculation of the model synchrotron spec-
tra are provided in Appendix A.
4.2 Fitting procedure
We use the following procedure to fit cosmic ray transport models
of either pure diffusion or pure advection to our data: first, we fix
the electron energy spectral index in the disc plane, to match the
observed non-thermal radio spectral index. Also, we use a repre-
sentative magnetic field strength in the disc of B0 = 10 µG for both
galaxies, as averaged in the area, where we have measured non-
thermal spectral index profiles (Sect. 3.1.2). IC radiation losses are
calculated based on the IRF photon energy density (Sect. 3.2.2).
Second, we compute profiles of the CRe number density at λλ 22
and 6 cm, to obtain model profiles of both the non-thermal radio
spectral index and the non-thermal radio continuum emission. We
then fit the radio intensity profiles by varying both the magnetic
field scale height and the advection speed (or diffusion coefficient),
MNRAS 000, 1–21 (2016)
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resulting in the reduced χ2:
χ2 =
1
N − n
∑( Ii − Mi
σi
)
. (10)
Here, Ii is the ith non-thermal intensity measurement, Mi the corre-
sponding model value, σi the error of the measured intensity, N the
number of data points and n the number of fitted parameters. We
use n = 3, because we fit also for the intensity normalization. The
reduced χ2 is shown in Fig. 7 with our best-fitting models presented
in Fig. 4 (see Table 5 for the best-fitting parameters).
4.3 Calorimetric analytical models
We can compare our results with the ‘calorimetric’ advection and
diffusion models employed by Heesen et al. (2009a), who assumed:
he =
 V · trad (Advection),√D · trad (Diffusion). (11)
This are meaningful only if the electron radiation losses are dom-
inating the vertical decrease in the non-thermal radio continuum
intensity, an assumption that appeared to be justified in the star-
burst galaxy NGC 253, where above relations provided good fits to
the data (Heesen et al. 2009a). This is the case the magnetic field
strength is constant in the halo and the galaxy constitutes and elec-
tron calorimeter, hence we refer to these models as the calorimetric
ones. It is also noted that Heesen et al. (2009a) calculated he assum-
ing energy equipartition, which may not hold in the halo, where the
CRe either escape almost freely or are losing the bulk of their en-
ergy via synchrotron and IC radiation. Furthermore, the relation for
diffusion neglects any possible energy dependence of the diffusion
coefficient. It is one of the scopes of this work, to test whether the
calorimetric models can be applied to normal star forming galax-
ies, where the outflow speeds may be sufficiently high, so that CRe
radiation losses do not dominate in the halo.
5 COSMIC RAY TRANSPORT
In this section, we apply our 1D cosmic ray transport models
created with SPINNAKER to the radio continuum observations of
MNRAS 000, 1–21 (2016)
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Figure 7. Reduced χ2 for the advection model in NGC 7090 (top panels) and the diffusion model in NGC 7462 (bottom panels). Contours indicate the
best-fitting reduced χ2min (inner contours) and χ
2
min + 1 (outer contours). Values in NGC 7462 were clipped at χ
2 = 20.
NGC 7090 and 7462 (Sects 5.2 and 5.3).5 This is preceded by
Sect. 5.1, where we present some general results of our modelling
that can help to decide whether diffusion or advection is dominat-
ing. In Sect. 5.4 we investigate the scale height–CRe lifetime rela-
tion, an analysis equivalent to that of Heesen et al. (2009a).
5.1 The distinction between advection and diffusion
In Figs 5 and 6 we present families of one-zone advection and diffu-
sion models created with our numerical cosmic ray transport mod-
els (Sect. 4). We use a typical magnetic field strength of B0 = 10 µG
and a ratio of the interstellar radiation field energy density to mag-
netic field energy density of UIRF/UB = 0.3, assumed to be constant
everywhere. We varied the magnetic field scale height, with one set
of models using hB = 4 kpc, the second one hB = 8 kpc and the
third one hB = 104 kpc (constant magnetic field). We varied the
CRe injection spectral index between γinj = 2.1 . . . 3.0. The CRe
number density was calculated for λλ 22 and 6 cm as well as the
resulting non-thermal radio continuum intensities and correspond-
ing non-thermal radio spectral indices. For the advection models
5 SPINNAKER, SPectral INdex Numerical Analysis of K(c)osmic-ray Elec-
tron Radio-emission, is a computer program created by us and will be made
publicly available at a later date.
Table 5. Model parameters in the northern (N) and southern (S) haloes.
Parameter NGC 7090 (N/S) NGC 7462 (N/S)
B0 (fixed) [µG] 10 10
z1 (fixed) [kpc] 1 −
hB1 (fixed) [kpc] 0.8 −
γinj (fixed) 3.0 3.2
UIRF/UB (fixed) 0.31 0.18
V (var.) [km s−1] 150+50−20/150
+100
−30 −
D0 (var.) [cm2 s−1] − (3.5+1.2−0.8/2.25+0.5−0.2)1028E0.5GeV
hB2 (varied) [kpc] 5.5+1.3−1.0/4.0
+1.0
−0.9 3.0
+1.2
−0.25/4.5
+2.2
−1.0
χ2 (minimum) 1.5/2.6 4.3/2.4
we used a constant advection speed of V = 200 km s−1, whereas
for the diffusion models we used D = 3 × 1028E0.5GeV cm2 s−1.
Cosmic ray electron number density. It is instructive to first
analyse how the vertical profile the CRe number density evolves for
either a pure advection or diffusion model. If the advection speed
is sufficiently high (or the magnetic field scale height sufficiently
small), the CRe number density decreases monotonically, but with
a decreasing slope, so that it almost approaches an asymptotic value
(Fig. 5, top panels). In contrast, diffusion will always lead to a sharp
cut-off in the CRe number density (Fig. 6, top panels).
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Non-thermal radio continuum emission profiles. We found
that advection results in approximately exponential profiles (Fig. 5,
middle panels), whereas diffusion results in profiles, which are rem-
iniscent of Gaussian functions (Fig. 6, middle panels). The exact
shape of the profile depends obviously on the combination of the
magnetic field scale height and either diffusion coefficient or ad-
vection speed. If CRe radiation losses are unimportant, we expect
exponential profiles caused by the decrease of the magnetic field
strength only. If CRe radiation losses are important, both diffusion
and advection will have cut-offs in their profiles, where the intensity
decreases rapidly. If radiation losses are important, but the decrease
of the magnetic field plays a role as well, we expect to see a mix
of the profiles of the CRe number density and the magnetic field.
In general it can be said, that advection will result in profiles that
are to a good approximation exponential, although at large z it is
steeper than an exponential profile. Diffusion leads to profiles that
are exponential at small z, where the decrease of the magnetic field
dominates. At large z, a strong steepening is observed due to large
CRe radiation losses. Hence, a diffusion profile is steeper both at
small and large z than a Gaussian profile would predict.
Non-thermal radio spectral index profiles. For advection, the
non-thermal radio spectral index steepens rather gradually with in-
creasing distance from the disc (Fig. 5, bottom panels). The profile
can be approximated by a linear function, with the curvature only
becoming more prominent if the magnetic field is constant. For dif-
fusion, the profile of the non-thermal radio spectral index has a
characteristic shape, where the slope is very flat in the inner part
and progressively steepens dramatically in the outer parts (Fig. 6,
bottom panels). We have chosen µ = 0.5; a higher energy depen-
dence of the diffusion coefficient (0.5 < µ 6 0.7), leads to less
steepening, contrary, a lower energy dependence (0 6 µ < 0.5)
steepens the spectral index.
Non-thermal radio continuum scale heights. One important
result of our modelling is that it is always possible to find a good
fit to the profile of the non-thermal spectral index, choosing an ap-
propriate combination of advection speed (or diffusion coefficient)
and magnetic field scale height. A large magnetic field scale height
can be balanced by either a large advection speed or diffusion co-
efficient. But this has an effect on the non-thermal radio continuum
scale heights, leading to higher values as well. The combination of
spectral index profiles and radio continuum scale heights constrains
both parameters fairly well.
5.2 Cosmic ray transport in NGC 7090
5.2.1 Advection or diffusion?
NGC 7090 has a thin and a thick radio disc (Sect. 3.1.1), so that
we modelled the magnetic field accordingly with a two-component
exponential profile (with the thin disc at |z| 6 1 kpc). As pointed
out in Sect. 3.1.1, we can not distinguish between an approxi-
mately exponential or Gaussian profile, so that we modelled the
thin/thick disc with an advection/advection, advection/diffusion,
diffusion/advection and diffusion/diffusion model in order to cover
all possible combinations. The vertical profiles of the radio spectral
index shown in Fig. 4(b) display a characteristic steepening in the
inner parts at |z| 6 2 kpc and a possible flattening at larger heights,
which has to be explained by the modelling. We can rule out a diffu-
sion/diffusion model (χ2 = 8, both haloes), where the steep spectral
index in the thin disc at |z| 6 1 kpc requires a small diffusion coeffi-
cient of D ≈ 0.5×1028E0.5GeV cm2 s−1, which results in no significant
emission in the thick disc regardless of the diffusion coefficient cho-
sen there. This can be understood in such a way that the diffusion
coefficient prescribes the curvature rather than the slope of N(E, z).
Hence, even increasing the diffusion coefficient in the thick disc
to large values (a few 1029E0.5GeV cm
2 s−1), will still result in too low
emission levels. Notably an advection/diffusion model works, but it
is unphysical, because we would expect a galactic wind or outflow
to become more efficient further away from the disc.
Hence, advection has to dominate in the thick disc, which
leaves the advection/advection and diffusion/advection models that
describe the data equally well (χ2 = 1.3–2.3). The thin disc can
be fitted by hB1 = 0.8 ± 0.1 kpc with either D = 0.5+0.2−0.1 ×
1028E0.5GeV cm
2 s−1 or V = 150 ± 50 km s−1. In the thick disc, the
minimum advection speed is 100 km s−1 with the upper limit un-
constrained, since the radio spectral index does not steepen in the
halo (Fig. 4(b)). This shows that the advection speed is sufficiently
high, so that radiation losses are not dominating in the halo.
5.2.2 Best-fitting advection model
In order to better constrain the value of the advection speed, we
fitted an advection/advection model with equal advection speeds
in the thin and thick disc. The upper limit of the advection speed
is then largely determined by the thin disc and may be potentially
higher in the thick disc. In Fig. 7(a) we show the reduced χ2 as func-
tion of advection speed and magnetic field scale height in the thick
disc. The best-fitting parameters are an advection speed of V =
150+50−20 km s
−1 and a magnetic field scale height of hB2 = 5.5+1.3−1.0 kpc
in the northern halo and V = 150+100−30 km s
−1 and hB2 = 4.0+1.0−0.9 kpc
in the southern halo. The parameters used in the fitting procedure
are summarized in Table 5. It is instructive to compare the mag-
netic field scale heights with the values that we would obtain from
equipartition. In the northern halo we would expect a magnetic field
scale height of 6.8 kpc (assuming a non-thermal spectral index of
αnt = −1) and in the southern halo of 6.1 kpc (from the λ22 cm
scale heights). Hence, the scale heights as inferred from our mod-
elling are 20–35 per cent lower than the equipartition values. This
is suggests that the assumption of energy equipartition breaks down
in the halo.
A complication we have not yet discussed is the fact that the
thin disc consists of a mix of young and old CRe, so that the radio
spectral index may not be representative for the CRe that actually
enter the outflow. It is conceivable that the spectral index steepen-
ing within the first 2 kpc distance from the galactic disc is largely
due to the decreasing influence of the thin disc, containing some
young, freshly injected CRe. Such a scenario is consistent with a
diffusion dominated transport in the thin disc, where the CRe pop-
ulation at any given position is a mix of young and old electrons.
As pointed out above, if we fit a diffusion/advection model, the ad-
vection speed can be potentially significantly higher in the halo. An
advection of V = 250 km s−1, at the upper end of the error interval,
would fit well (compare Fig. 4(a)). The same effect can be created
by underestimating the thermal radio continuum emission due to
internal absorption of Balmer Hα line emission by dust (Sect. 2.2).
Hence, our advection speeds are conservative lower limits.
5.3 Diffusive cosmic ray transport in NGC 7462
In NGC 7462, we did not find a thin disc (Sect. 3.1.1), so that
we modelled the magnetic field with a one-component exponential
function describing the thick disc only. The Gaussian vertical radio
continuum profiles suggest diffusion as the dominating transport
MNRAS 000, 1–21 (2016)
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Figure 8. Non-thermal radio continuum scale heights as function of the CRe lifetime at λλ 22 cm (dark-blue) and 6 cm (orange). Left: NGC 7090, where scale
heights of the thick exponential disc are plotted. Right: NGC 7462, where scale heights of the Gaussian disc are plotted. The green, solid (dashed) dark-green
line shows the predicted scale heights from the best-fitting transport model at λ22 cm (λ6 cm).
mode (Fig. 4(c)). The vertical spectral index profile corroborates
shown in Fig. 4(d) this scenario, with a flat spectral index within
|z| 6 2 kpc and a significant steepening for heights |z| > 2 kpc; the
spectral index profile has a parabolic shape. In the southern halo,
diffusion (χ2 = 2.4) describes the data significantly better than ad-
vection (χ2 = 12). In the northern halo, diffusion (χ2 = 4.3) de-
scribes the data marginally worse than advection (χ2 = 3.9); this
is largely due to the extended emission that can be seen at λ22 cm
at z > 2 kpc (Fig. 3(b) at offsets −2.4 and 0 kpc). We believe that
diffusion is the more likely transport mode, because a ‘one-sided’
galactic wind appears to be an unlikely scenario. Also, advection
does not reproduce the parabolic spectral index shape, but leads to a
linear steepening of the spectral index, in contrast to what is seen in
the observations. For completeness, we present here the best-fitting
advection parameters in the northern halo as V = 200+200−30 km s
−1
and hB2 = 3.0+0.25−1.2 kpc.
In Fig. 7(b), the reduced χ2 of the spectral index fitting as func-
tion of the diffusion coefficient and magnetic field scale height is
presented. Our best-fitting parameters are a diffusion coefficient of
3.5+1.2−0.8 and 2.25
+0.5
−0.2 × 1028E0.5GeV cm2 s−1 and a magnetic field scale
height of 3.0+1.2−0.25 and 4.5
+2.2
−1.0 kpc in the northern and southern halo,
respectively. We note that the average CRe energy within our wave-
length range is 4.2 GeV, so that the actual diffusion coefficient is a
factor of ≈2 higher than D0. We have varied the energy dependence
of the diffusion coefficient µ and found that for µ = 0.3 . . . 0.7,
the diffusion coefficient (normalized to E = 4.2 GeV) changes by
less than 10 per cent and the magnetic field scale height changes
by less than 17 per cent.6 The parameters used in the fitting proce-
dure are summarized in Table 5. The diffusion coefficients we find
are in good agreement what is reported in the literature for diffu-
6 The best-fitting parameters (N/S) for µ = 0.3 are hB = 3.5/4.0 kpc,
D = 4.25/3.25 × 1028E0.3GeV cm2 s−1 and for µ = 0.7 are hB = 3.0/4.0 kpc,
D = 2.5/1.75 × 1028E0.7GeV cm2 s−1.
sion within the disc plane (e.g. Murphy et al. 2008; Fletcher et al.
2011; Heesen et al. 2011; Buffie et al. 2013; Berkhuijsen et al.
2013; Tabatabaei et al. 2013b; Mulcahy et al. 2014). This means
that NGC 7462 is an example for a galaxy, where cosmic rays are
just diffusing from the disc into the halo and advection plays no
role.
Finally, as noted earlier (Sect. 3.1.1), it may be possible that
the radio continuum profiles are exponential, if the baselevel of
our map is negative by ≈−1σTP. However, the profiles of the non-
thermal radio spectral index are still in agreement with diffusion
only. Our model has to explain why the spectral index remains con-
stant within |z| 6 1.1 kpc, where S/N > 10, so that the baselevel
uncertainty does not play a role. Advection only leads to parabolic
spectral index profiles, if the magnetic field scale height is large
(&10 kpc). In this case, the resulting radio continuum scale height
is, however, much larger than the measured 0.9 kpc for an exponen-
tial profile. The only way out is that our non-thermal radio spec-
tral index profiles are biased to too steep spectral indices within
|z| < 2 kpc, for instance by subtracting a too high thermal fraction
of radio continuum emission due to our uncertain calibration pro-
cedure (Sect. 2.2); this is corroborated by the local minimum of
the non-thermal spectral index in the disc plane. On the other hand,
we expect the Balmer Hα emission to underestimate the thermal
radio continuum, because we did not take absorption due to dust
into account. Thus, we conclude that the measurement of a steep
spectral index in the disc plane is robust and, consequently, cosmic
ray diffusion is the dominating transport mode in NGC 7462.
5.4 Scale height–lifetime relation
Our cosmic ray transport models (Sect. 4) are fitted to the data av-
eraged over a wide range of galactocentric radii, so that we are not
sensitive to variations of the advection speed or diffusion coefficient
as function of position. Ideally, we would like to apply our models
MNRAS 000, 1–21 (2016)
Cosmic ray transport in galactic haloes 15
locally (kpc scale), but the low S/N of the halo emission prevents
us from doing so. What we can do instead, is to analyse the depen-
dence of the local scale heights derived in the stripes of Sect. 3.1.1)
(≈2 kpc width), as function of the CRe lifetime; so we can check
whether they are consistent with our cosmic ray transport models.
The scale heights of both galaxies, presented in Fig. 8, do not
show any clear dependence of the CRe lifetime. The average Pear-
son’s rank order correlation coefficient is with rs = 0.23 so low
(rs = 0 . . . 1, for a positive correlation), that we conclude that no
linear trend is observed. Our models (shown as green lines) repro-
duce this (non-existing trend) well: for CRe lifetimes in excess of
15 Myr the scale heights are almost constant, since the decrease of
the magnetic field dominates the decrease of the non-thermal inten-
sity (non-calorimetric halo). Only for lifetimes smaller than 10 Myr
we would expect a decrease of the scale heights, but since we are
not probing this regime we can not verify this particular prediction.
The model reproduces the scale heights of NGC 7090 well within
the uncertainties, although it fails to explain the variation of the lo-
cal scale heights in NGC 7462. In the latter case, the error bars are
small because the single Gaussian fits are well constrained by data
points within |z| < 3 kpc, which have a high S/N (Sect. 3.1.1).
As a further consistency check, we fit our calorimetric trans-
port models from Equation (11), where we utilise the usual assump-
tion of energy equipartition for which the CRe scale height is:
he =
3 − αnt
2
z0, (12)
where we assume αnt ≈ −1 and where z0 is the non-thermal radio
scale height of the thick disc (Sect. 3.1.1). In NGC 7090, we find
advection speeds of 186 and 144 km s−1 in the northern and south-
ern halo, respectively. This is in good agreement with our models.
However, we point out that the magnetic field strength in the halo
(|z| > 1 kpc) is lower, B 6 3 µG, than what we used for our calori-
metric approximation (B = 10 µG, B=const.). Therefore, the actual
CRe lifetime is a factor of five longer (Equation (5)), so that CRe
scale height must be a factor of five higher as well. The agreement
between calorimetric and non-calorimetric model is in the case of
NGC 7090 thus coincidental. Similarly, in NGC 7462 we find a
calorimetric diffusion coefficient of 1.4 × 1029 cm2 s−1 both in the
northern and southern halo of NGC 7462 (no energy dependence,
µ = 0). This is a factor of two higher than the value derived by our
models. The reason is again that we have overestimated B; at 2 kpc
height, the average height where we determined the scale height,
the magnetic field strength is only 60 per cent of the one in the
disc, so that the CRe lifetime increases by a factor of two.
In summary, we find that the scale heights measured in stripes
are broadly consistent with a constant diffusion coefficient and ad-
vection speed across the width of the galactic disc, as assumed for
our modelling. But the numerical values obtained from the calori-
metric approximation can be used only if (i) the CRe scale heights
estimated from equipartition are accurate and (ii) the average halo
magnetic field strength can be estimated.
6 HALO MAGNETIC FIELD
6.1 Morphology
In Figs 1 and 2 (panels (c) and (d)) we present the distribution of
the linearly polarized intensity in NGC 7090 and 7462 at λλ 22 and
6 cm, respectively. In a magnetized plasma a polarized wave vector
is rotated by Faraday rotation. For a uniform magnetic field and
(thermal) electron density, we define the rotation measure (RM)
via:
∆φ
rad
= 0.808 ×
(
λ
m
)2 ∫ Lpc
0
(
Breg‖
µG
) ( ne
cm−3
)
d
(
l
pc
)
(13)
= 0.808λ2RM,
where ne is the thermal electron density, Breg‖ is the LoS component
of the regular magnetic field and L is the integration length through
the magneto-ionized medium. The maximum RM value we mea-
sure between λλ 22 and 6 cm is ±40 rad m−2 (Figs 1(d) and 2(d)),
which is not enough to correct for Faraday rotation in an edge-on
galaxy; the galaxies are partially depolarized at λ22 cm, so that one
can not measure the RM reliably. Thus, the magnetic field orien-
tations presented in this work are not corrected for Faraday rota-
tion. A maximum RM amplitude of 40 rad m−2 requires differential
Faraday rotation (Sokoloff et al. 1998), either by an ordered disc or
halo magnetic field, with a coherent direction over kpc-scales, also
referred to as ‘regular’ magnetic field.
We find that NGC 7090 features a prominent polarized radio
halo, particularly at λ22 cm (Fig. 1(c)), where we can detect polar-
ized emission up to heights of 6 kpc in the northern halo and 4 kpc
in the southern halo. The polarized emission at λ22 cm is asymmet-
ric with respect to the minor axis, where the bulk of polarized emis-
sion is located on the approaching side of the galaxy (see Dahlem
et al. 2005, for an H I rotation curve of the galaxy). This is in agree-
ment with findings of Braun, Heald & Beck (2010), who postulated
that this kind of asymmetry can be explained by depolarization due
to differential Faraday rotation caused by a magnetic field struc-
ture, which consists of a disc magnetic field and a quadrupolar halo
magnetic field. But their model is not applicable in our case, since
it works only for galaxies at moderate inclination angles from 20–
70◦. For an alternative explanation we note that the western side
of the galaxy has a higher star formation rate, as indicated by the
higher radio continuum intensity (Figs 1(a) and (b)). The asymme-
try of polarized emission with respect to the minor axis may thus
be a consequence of the asymmetric S/N. In Figs 1(c) and (d) we
can see evidence of depolarization by the combined effects of the
turbulent magnetic field in the disc and by differential Faraday ro-
tation due to the ordered (more precisely regular) magnetic field in
the disc and halo, both at λλ 22 and 6 cm; but no direct evidence
of an ordered disc magnetic field itself is seen, probably due to de-
polarization as well, in part also caused by depolarization due to
unresolved vertical E-vectors within the beam area.
In NGC 7462, the bulk of the polarized emission at λ22 cm
(Fig. 2(c)) is again found on the approaching side of the galaxy,
concentrated in a filamentary region of 10 kpc length and 2.6 kpc
width. It is probably related to the very extended extra-planar
component only detected at λ22 cm (Sect. 3.1.1); this would ex-
plain why almost none of the polarized emission is seen at λ6 cm
(Fig. 2(d)). The integrated H I map of Dahlem et al. (2005) shows
that the H I distribution in the eastern half of the galaxy is thicker
than in the western half. Hence, we may speculate that we are see-
ing the remnants of an outflow, which stirred up the H I disc and
where the CRe are still visible as aged radio continuum emission
with a steep spectral index. Another prominent feature is a ‘spur’
of polarized emission centred on RA 23h02m47s Dec. −40◦50′00′′.
It may be connected to the extended emission which we masked
(Sect. 3), although it does not align exactly with it and is more
reminiscent of a jet-driven lobe, emerging from the galaxy’s cen-
tre. As mentioned earlier, we did not find any unresolved source in
the centre of the galaxy, hinting at past or current AGN activity. In
any case, the emission is probably not related to any galactic out-
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flow, which NGC 7462 probably does currently not possess any-
way, being diffusion dominated. Hence, we continue our analysis
with NGC 7090 only.
6.2 Magnetic field strengths and depolarization
We can now measure the strength of the ordered halo magnetic
field. To this end, we investigate vertical profiles of the linearly po-
larized emission and degree of polarization as presented in Fig. 9(a)
and (b) (see Appendix B for the tabulated values). The degree of
polarization p relates to the ratio q = Bturb/Bord,⊥ of the isotropic
turbulent magnetic field Bturb to the ordered magnetic field in the
plane of the sky Bord,⊥ via:
p
p0
=
1
1 + q2
, p0 =
3 − 3αnt
5 − 3αnt , (14)
where p0 is the theoretically maximum polarization degree for a
purely uniform magnetic field. In above relation we used that the
polarized (total) synchrotron intensity scales with PI ∝ B2ord,⊥
(Int ∝ B2) for αnt = −1, so that p/p0 = B2ord,⊥/B2. We now use
the assumption that the ordered magnetic field is in the plane of the
sky, Bord = Bord,⊥, so that we can calculate the ordered field strength
as Bord = B(1 + q2)−1/2 and the turbulent magnetic field strength as
Bturb = (B2 − B2ord)1/2. We use the λ22 cm degree of polarization
at |z| > 3.5 kpc and the λ6 cm degree of polarization elsewhere.
This is because the λ22 cm observations are more severely affected
by depolarization, but extend away further from the galactic mid-
plane. The vertical profiles of the turbulent and ordered magnetic
field strength are shown in Fig. 9(c). The ordered magnetic field
strength ranges largely between 0.5 and 1 µG, whereas the turbu-
lent magnetic field strength decreases monotonically from 10 µG
at z = 0 to 1 µG at z = 5 kpc.
For further analysis, we introduce the degree of depolarization
(DP), defined as the ratio of the polarization degrees at two wave-
lengths, which is usually calculated using the ratio of the (linearly)
polarized intensities and the non-thermal radio spectral index:
DP ≡ PI22
PI6
×
(
ν6
ν22
)αnt
, (15)
where PI22 and PI6 are the polarized intensities at λλ 22 and 6 cm,
respectively, and ν22 = 1.4 and ν6 = 4.7 GHz are the correspond-
ing frequencies. We found a pronounced minimum of the degree of
depolarization surrounding the galactic midplane of NGC 7090, as
shown in Fig. 9(d). There is a steep rise in the degree of depolar-
ization in the southern halo (−3 6 z 6 0 kpc). For illustration, we
compare it with a depolarization model for Faraday dispersion by
turbulence in the magneto-ionized ISM (Burn 1966; Sokoloff et al.
1998):
Pdisp = pi
1 − exp(−2σ2RMλ4Ld−1)
2σ2RMλ
4Ld−1
. (16)
Here, σRM(z) = 0.808 × ne(z) × d × Bturb,‖(z), where d is the size
of the turbulent eddies in pc, Bturb,‖, the LoS component of the tur-
bulent magnetic field in µG, L the length of the LoS in pc and ne
the thermal electron density in cm−3. The intrinsic degree of polar-
ization pi can be eliminated by using two wavelengths and forming
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the ratio to measure the degree of depolarization. We have assumed
an electron density of 0.02 cm−3 and a scale height of 1.5 kpc, in
loose agreement with values for the Milky Way (Ferrière 2001). We
used 100 pc as the size of the turbulent eddy in the disc plane (see
Fletcher et al. 2011, for a measurement in an external galaxy). We
find that Faraday dispersion explains our data partially, although
the model over-predicts the depolarization in the disc and under-
predicts it in the halo. One would have to increase the electron scale
height to values of 4 kpc in order to get agreement with the data in
the southern halo. Another source of depolarization is differential
Faraday rotation due to a regular disc magnetic field with a coherent
direction, for which the model is:
Pdiff = pi sin(Rλ
2)
Rλ2 , (17)
where R = 0.808 × ne(z) × d × Breg,‖(z) and Breg,‖(z) is the regular
magnetic field component along the LoS (which we assumed to be
equal to the ordered field strength). We find that this model can ex-
plain the depolarization in the southern halo (−2 6 z 6 −1 kpc) bet-
ter. Where our depolarization models all fail is north of the galactic
midplane (0 6 z 6 2 kpc), where the degree of depolarization is
low and rises steeply further away from the disc. A possible expla-
nation is that the turbulent magnetic field in the disc depolarizes the
northern halo, which hence is on the far side, whereas the southern
halo has to be on the near side (we have overlaid in Fig. 1(c) the
optical extent of the disc for comparison). However, it is difficult to
come to any firm conclusion without a more comprehensive mod-
elling of the magnetic field structure, such as the three-dimensional
magnetic field models employed by Heesen et al. (2009b, 2011).
The magnetic field in NGC 7090 appears to be dominated
by the halo component (Fig. 1(d)), although shorter wavelengths
would be required to exclude depolarization of a disc magnetic
field. This suggests a relation to a galactic wind or outflow. A galac-
tic wind facilitates an efficient halo dynamo (Moss et al. 2010); an
outflow stretches magnetic field lines into Parker-type loops (Mao
et al. 2015). The former process results in regular magnetic fields,
the latter in anisotropic ones. Observations at shorter wavelengths
are needed to measure Faraday rotation and distinguish between the
two scenarios.
7 DISCUSSION
The outflow of cosmic rays has important ramifications for the ob-
served relation between the star formation rate (SFR) and the ra-
dio continuum (RC) luminosity, in the following RC–SFR rela-
tion (Condon 1992; Heesen et al. 2014). The widely used semi-
empirical ‘Condon relation’ assumes that galaxies are electron
calorimeters. This would imply that the CRe lose all their energy
exclusively within the galaxy, or, more precisely, we are observ-
ing always the same fraction of possible non-thermal synchrotron
emission. This was already postulated by Völk (1989), who pre-
dicted that the radio continuum emission of a galaxy should, in case
of a CRe calorimeter, only be a function of the ratio of IC to syn-
chrotron losses. But observational tests are at odds with the calori-
metric theory. The non-thermal radio spectral index would have to
be quite steep, ≈−1.2 (Lisenfeld & Völk 2000), which does not
agree with the observed spectral index, where studies find spectral
indices of −0.83 (Niklas, Klein & Wielebinski 1997), −0.8 (Mar-
vil, Owen & Eilek 2015). Furthermore, Heesen et al. (2014) found
that in spiral galaxies the average ratio of IC to synchrotron losses is
only 30 per cent, which means that we cannot easily test the predic-
tion by Völk (1989). The alternative are non-calorimetric models,
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Figure 10. Profiles of the CRe number density at λλ 22 and 6 cm (solid and
dashed lines), equivalent to CRe energies of 2.9 and 5.4 GeV, respectively,
for the northern halo of NGC 7090 (advection) and for the southern halo of
NGC 7462 (diffusion).
which assume (i) energy equipartition between the cosmic rays and
the magnetic field, and (ii), a relation between either the magnetic
field strength and gas density (Niklas & Beck 1997), or a relation
between the magnetic field strength and star formation rate (Heesen
et al. 2014).
Non-electron calorimetry can be caused, if the advection
speed is sufficiently high, so that the CRe lifetime is longer than
the CRe escape time: trad  tesc. The escape time is here defined
as the tesc = hB/(2V), where hB/2 is the scale height of the mag-
netic field energy density, assuming that the non-thermal intensity
scales with the magnetic field as Int ∝ B2 (exact for αnt = −1). We
now define the equivalent advection speed, where the CRe lifetime
(Equation (5)) is equal to the CRe escape time:
Vequiv ≡ hB2 trad = 200 km s
−1
(
hB
4 kpc
) (
trad
10 Myr
)−1
. (18)
For example, in the northern halo of NGC 7090 (B = 3.3 µG at
z = 1 kpc, the base of the halo), the CRe lifetimes are 110 and
60 Myr at λλ 22 and 6 cm, so that the equivalent advection speeds
are 25 and 50 km s−1, respectively. At higher wind speeds, the CRe
are transported faster along the gradient of the magnetic field and
stellar photon energy density than they lose their energy via syn-
chrotron and IC radiation. They are able to retain a non-vanishing
fraction of their initial energy and the galaxy is not an electron
calorimeter.
Profiles of the CRe electron energy distributions for the north-
ern NGC 7090 are shown in Fig. 10.7 For our best-fitting model,
at the detection limit of the halo, z = 7 kpc, the CRe number den-
sity has dropped by less than 40 per cent, so that the CRe retain at
least 60 per cent of their energy at 7 kpc height. In contrast, if the
advection speed is dropped to the critical speed (at z > 1 kpc), the
CRe number density drops by 90 per cent. At λ22 cm, equivalent
to a CRe energy of 2.9 GeV, the CRe number density is at least
70 per cent at 7 kpc, the limit to which we can observe the halo.
7 The CRe energies quoted here are computed according to their critical
frequency (Equation (A4)) using B0, the magnetic field strength in the disc.
For a fixed observing frequency the CRe in the halo have a higher energy,
because the critical frequency decreases.
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This means that we potentially lose up to 70 per cent of the po-
tential radio luminosity, but we should keep in mind that the CRe
number density refers to those electrons that are able to leave the
thin radio disc. The thin radio disc has a non-thermal radio spectral
index of −1.0, so that the electron have already lost some of their
energy, before they are able to enter the outflow. In the thin radio
disc, one probably has a mix of young, freshly injected CRe, and
older ones, which are enclosed in the SNe heated superbubbles, be-
fore they are able to break out from the disc (Heesen et al. 2015).
In contrast, diffusion leads always to calorimetric haloes (for usual
values of diffusion coefficient and magnetic field scale height) as
the CRe number density profiles of NGC 7462 show.
Do we trace a galactic wind in NGC 7090? The minimum
advective transport speed of 150 km s−1 is similar to the escape
velocity of Vesc =
√
2Vrot of 180 km s−1. Also, we have to keep
in mind that the advection speed is the sum of the wind speed
and the Alfvén speed, as cosmic rays can stream along the verti-
cal magnetic field lines. If the magnetic field is immersed in an
outflow of hot X-ray emitting gas, typical electron densities are 4–
6×10−3 cm−3 with scale heights of 3–7 kpc (Hodges-Kluck & Breg-
man 2013). With an ordered magnetic field of 1 µG in the halo, the
Alfvén speed VA = B/
√
4piρ is 30 km s−1. It remains thus difficult
to exactly ascertain the actual wind speed, with Vw = 120 km s−1
our best-fitting value (for the better fitted northern halo), but with
a large error interval of 120–170 km s−1, stemming from the un-
certainty of the advection speed. Also, as pointed out earlier, the
advection speeds may be significantly higher in the halo, where our
data provides us only with a lower limit (Sect. 5.2).
8 CONCLUSIONS
We have used ATCA radio continuum polarimetry observations at
λλ 22 and 6 cm, in order to search for non-thermal radio haloes with
relativistic CRe and magnetic fields in two late-type edge-on spi-
ral galaxies. We have measured non-thermal radio continuum scale
heights and profiles of the vertical non-thermal radio spectral index
distribution. We modelled our measurements by solving equations
for stationary 1D transport of cosmic rays, estimating the CRe syn-
chrotron and IC radiation losses from equipartition magnetic field
strengths and a combination of IR, optical and CMB radiation en-
ergy densities. This allowed us to measure advection speeds, diffu-
sion coefficients and magnetic field scale heights without having to
use the assumption of local energy equipartition in the halo. These
are our conclusions:
(i) NGC 7090 has a prominent radio halo with polarized emis-
sion detected to heights of up to 6 kpc. Vertical radio continuum
profiles can be described by two-component exponential functions,
with scale heights at λ22 cm of 0.38±0.06 kpc and 1.7±0.2 kpc of
the thin and thick disc, respectively. NGC 7462 has a radio halo,
very different from most other known cases. The vertical radio
continuum profiles can be best approximated by one-component
Gaussian functions, hence this galaxy lacks a thin disc component.
The Gaussian profiles mean that the emission decreases rapidly
with height, so that it is debatable, whether this galaxy possesses
a ‘bona-fide’ radio halo. We find a scale height of 1.47 ± 0.06 kpc
at λ22 cm.
(ii) Advection dominated cosmic ray transport leads to approx-
imately exponential vertical radio continuum profiles, while dif-
fusion dominated transport leads to profiles, which can be better
approximated by a Gaussian function. The non-thermal radio spec-
tral profiles are very different as well: advective transport leads to
a gradual steepening of the radio spectral index, whereas in case of
diffusion the spectral index steepens hardly within one scale height
and very rapidly at larger heights, so that profiles are of ‘parabolic’
shape.
(iii) The cosmic ray transport in NGC 7090 can be approximated
by a two-zone model, with the thin disc at |z| 6 1 kpc and the
thick disc at |z| > 1 kpc. The thin disc can be modelled equally
well with either a pure diffusion or advection model with hB =
0.8±0.1 kpc and either D = 0.5+0.2−0.1×1028E0.5GeV cm2 s−1 or V = 150±
50 km s−1. The thick disc can only be described with advection,
with a minimum advection speed of 100 km s−1. Assuming a pure
advection model in both the thin and thick disc, we find a best-
fitting advection speed of 150+50−20/150
+100
−30 km s
−1 and a magnetic
field scale height of 5.5+1.3−1.0/4.0
1.0
−0.9 kpc in the northern and southern
halo, respectively.
(iv) The cosmic ray transport in NGC 7462 can be approxi-
mated by a pure diffusion model, with a diffusion coefficient of
3.5+1.2−0.8/2.25
+0.5
−0.2 ×1028 E0.5GeV cm s−2 and a magnetic field scale height
of 3.0+1.2−0.25/4.5
+2.2
−1.0 kpc in the northern and southern halo, respec-
tively.
(v) The magnetic field scale heights both in NGC 7090 and
7462 are 25–35 per cent lower than the value suggested by energy
equipartition. This suggest that energy equipartition breaks down
in the halo.
(vi) If the advection speed is sufficiently high, the CRe radiation
loss time can become longer than the CRe escape time. For the
specific case of NGC 7090, CRe at λ22 cm (2.9 GeV) retain 70 per
cent of their energy (after they left the thin disc) at |z| = 7 kpc,
the height to which we can detect the halo. NGC 7090 is thus no
electron calorimeter.
Our findings can explain why globally averaged scale heights
of galaxies are surprisingly constant, with a mean of 1.8 kpc at
λ6 cm, independent of the SFR and magnetic field strength (Krause
2011). Galaxies may have magnetic field scale heights of 4–6 kpc,
with only little variation. Increasing the outflow speed as expected
for higher star formation rates would then only slightly change the
radio continuum scale heights. However, the sample of galaxies
with well studied radio haloes is still small (approximately ten).
The constant global scale heights can alternatively be explained by
increased transport speeds at higher SFRs, for instance by higher
wind speeds (Arribas et al. 2014), or due to faster streaming of cos-
mic rays along the magnetic field lines. Hence, it would be desir-
able to apply our cosmic ray transport modelling to a larger sample
of radio haloes, such as the CHANG-ES survey (Irwin et al. 2012;
Wiegert et al. 2015), or archive data from the various radio interfer-
ometers (ATCA, VLA, WSRT). Another important test would be
the extension to low-frequency observations, as now made possi-
ble by LOFAR (van Haarlem et al. 2013). This would allow us to
measure stringent upper limits for the magnetic field scale heights
as we are able to probe the oldest CRe, so far undetected at GHz-
frequencies.
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APPENDIX A: NUMERICAL MODELLING OF THE
COSMIC RAY TRANSPORT EQUATIONS
In this appendix we describe how we model the cosmic ray trans-
port equations in order to create synthetic profiles of the non-
thermal radio continuum intensity.
Cosmic ray electron number density
As explained in the main text of the paper, we aim to solve follow-
ing two equations for the CRe number density numerically:
∂N(E, z)
∂z
=
1
V
{
∂
∂E
[b(E)N(E, z)]
}
(Advection), (A1)
∂2N(E, z)
∂z2
=
1
D
{
∂
∂E
[b(E)N(E, z)]
}
(Diffusion), (A2)
where Equation (A1) describes pure cosmic ray advection and
Equation (A2) describes pure cosmic ray diffusion. The advection
speed V is here assumed to be constant. We assume the diffusion
coefficient to be a function of the CRe energy as D = D0E
µ
GeV,
where values of µ are thought to range between 0.3 and 0.6 (Strong,
Moskalenko & Ptuskin 2007). The combined synchrotron and IC
radiation energy loss rate for a single CRe is given by (e.g. Longair
2011):
−
(
dE
dt
)
= b(E) =
4
3
σTc
(
E
mec2
)2
(Urad + UB). (A3)
Notably, the magnetic field strength is not constant, but falls of ex-
ponentially with increasing distance from the disc plane. A mag-
netic field strength of B = B0 exp(−z/hB) leads to a magnetic field
energy density of UB = B2/(8pi) = B20/(8pi) exp(−2z/hB). The radi-
ation energy density is Urad = UIRF + UCMB (Sect. 3.2.2), where we
assume a constant ratio of UIRF/UB everywhere.
We solve Equations (A1) and (A2) numerically using the
method of finite differences. To this end, we set up a numerical
grid with zi (i = 0, 1, 2, 3 . . . imax) and νj ( j = 0, 1, 2, 3 . . . jmax),
where z0 = 0 kpc and zmax = 4 . . . 7 kpc with 200 grid points
so that ∆z = 0.02 . . . 0.035 kpc. The frequency range is given by
ν0=10 MHz and νmax=1000 GHz, with 400 grid points logarithmi-
cally spaced so that ν j+1/ν j = 1.035. We convert frequencies into
CRe energies, assuming that the CRe emit all their energy at the
critical frequency:
νc = 0.01608
( E
GeV
)2 ( B
µG
)
GHz. (A4)
This results in grid points of E j ( j = 0, 1, 2, 3 . . . jmax), where E0 =
0.24 GeV and Emax = 79 GeV for a magnetic field strength of B0 =
10 µG. Thus, we have a two-dimensional grid for the CRe electron
number density N(E j, zi). A sketch of the numerical grid used is
shown in Fig. A1. As inputs to the right hand side of Equations (A1)
and (A2) we have:
∂
∂E
[b(E)N(E, z)] =
∂b
∂E
N(E, z) + b(E)
∂N
∂E
. (A5)
In case of advection, using the discretization of values on the nu-
merical grid, we obtain:
Ni+1, j = Ni, j +
1
V
[
2b(Ei, j)E−1i, j Ni, j + b(Ei, j)
Ni, j+1 − Ni, j−1
Ei, j+1 − Ei, j−1
]
∆z.
(A6)
i = i_max
Freqency (nu), CRe Energy (E)
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Figure A1. Numerical grid used for the discretization of the 1D cosmic ray
transport equations.
In case of diffusion, we introduce y = ∂N/∂z, so that:
yi+1, j = yi, j +
1
D
[
2b(Ei, j)E−1i, j Ni, j + b(Ei, j)
Ni, j+1 − Ni, j−1
Ei, j+1 − Ei, j−1
]
∆z
Ni+1, j = Ni, j + yi, j∆z. (A7)
The inner boundary condition at z = 0 kpc is N(E, z) = N0E−γ, set-
ting N0 = 1, and obtaining γ from the relation αnt = (1−γ)/2, where
the non-thermal spectral index can be measured in the galactic disc
plane. Equations (A6) and (A7) can be integrated from the inner
boundary using a Runge–Kutta scheme (e.g. Press et al. 1992).
Synchrotron intensity
Usually, the synchrotron intensity is calculated with the assump-
tion that the CRe can be described as power-law so that N(E, z) =
No(z)E−γ(z). In such a case the synchrotron intensity of an ensemble
of CRe is:
Int(ν) = (constants)N0(z)B(γ+1)/2.0ν−(γ−1)/2. (A8)
Thus, one obtains the relation αnt = (1 − γ)/2, already used above.
However, the assumption that the CRe number density is a power-
law is not true if spectral ageing is important. We expect an ex-
ponential cut-off at high frequencies. A proper calculation of syn-
chrotron intensities has to convolve the synchrotron emission func-
tion of a single CRe with the CRe number density:
Int(ν) =
∫ ∞
0
j(ν)N(E, z)dE. (A9)
We introduce the ratio x = ν/νc, where νc is again the critical fre-
quency as defined in Equation (A4). The synchrotron emissivity of
a single ultra-relativistic CRe is:
j(x) = (constants)BF(x). (A10)
We have used the tabulation of the function F(x) from Rohlfs &
Wilson (2004). In order to calculate the synchrotron intensity, we
have to integrate over the ratio x of observing frequency to criti-
cal frequency. It is also important to keep in mind that the critical
frequency is a function of the magnetic field strength and thus of
the distance to the disc. First, we convert from the integral over the
energy to an integral over x:
dx =
ν
ν2c
dνc x =
A
E2
dE =
1
2
A1/2 x−3/2dx. (A11)
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Figure A2. Profiles of the CRe number density at λ22 cm (equivalent to a
CRe energy of 2.9 GeV) for a constant magnetic field and advective cosmic
ray transport (B = 10 µG, Urad/UB = 0.31, V = 150 km s−1, γinj = 3.0).
Compared are the analytical and numerical solutions, which are plotted on
the left-hand side y-axis. The corresponding non-thermal radio spectral in-
dices between λλ 22 and 6 cm are plotted on the right-hand side y-axis.
We can now integrate over x:
Int(ν) =
1
2A1/2
∫ ∞
0
j(x)N(x)x−3/2dx. (A12)
Because our numerical grid is set up in frequency space, we write:
x−3/2dx =
dνc
ν1/2c ν1/2
. (A13)
We can now integrate over the frequency space:
Int(ν) =
1
2A1/2
∫ ∞
0
j(x)N(x)
dνc
ν1/2c ν1/2
. (A14)
Comparison with reference models
We can test the numerical solution of the advection equation for
a constant magnetic field strength, for which there is an analytical
solution for the CRe number distribution (e.g. Longair 2011):
N(E, z) = N0
(
1 − bz
E
)γ−1
. (A15)
In Fig. A2, we compare the analytical with the numerical solution.
We find that the electron number densities agree to within 1 per
cent at distances from the disc z < 3.0 kpc, where the non-thermal
spectral index is αnt > −2.2. Even at larger distances where the
spectral index steepens to a very steep −3.0, the agreement is better
than 6 per cent. Since this is the regime we are mostly interested in,
our numerical solution is of sufficient accuracy.
A second test is to compare our model with the widely used
Jaffe–Perola (JP; Jaffe & Perola 1973) model, which predicts a
spectrum of the non-thermal radio continuum intensity as func-
tion of frequency. This model used the CRe number distribution
of Equation (A15) and convolves it with the synchrotron emission
spectrum of a single CRe. In Fig. A3 we compare the synchrotron
intensities from our modelling with the JP spectrum as presented
in Hughes (1991). The upper, red line shows the injection spectrum
and the lower, blue line the spectrally aged spectrum at a spectral
age of 10 Myr. The theoretical predication by the JP model is shown
JP model
Advection (tau=10 Myr)
Advection (tau=0 Myr)
Figure A3. Comparison of our advection model with a JP spectrum taken
from Hughes (1991). The upper, red line shows the injection spectrum
(γinj = 2.0, τ = 0 Myr) and the lower, blue line shows the spectrally
aged spectrum (τ = 10 Myr). The lower, black line shows the JP model
to which our spectrum should be compared. The flux densities S ν are on
an arbitrary scale. The frequencies ν are normalized to the break frequency
νT = 20.7 GHz (B = 10 µG, UIRF/UB = 0). IC losses in the CMB at
redshift zero are taken into account.
as the lower, black line. The frequency is normalized with respect
to the break frequency νbrk for which we find (e.g. Hughes 1991):
νT =
2.52 × 103[B/10 µG]
([B/10 µG]2 + [BCMB/10 µG]2)2[τ/Myr]2
GHz. (A16)
Here, the equivalent CMB magnetic field strength at redshift zero is
BCMB = 3.2 µG. For our case (B = 10 µG, UIRF = 0, τ = 10 Myr),
the break frequency is νT = 20.7 GHz. At the break frequency
the spectrally aged spectrum is deficient by a factor of four com-
pared with the injection spectrum. We find a very good agreement
between our spectrum and the reference spectrum from Hughes
(1991).
APPENDIX B: DATA TABLES
In this appendix we present tables of the data used in the paper
for the analysis. Tables B1 and B2 contain the non-thermal scale
heights and CRe radiation lifetimes in NGC 7090 and 7462, re-
spectively. Tables B3 and B4 contain the vertical profiles of the
non-thermal radio spectral index in NGC 7090 and 7462, respec-
tively. Quantities for the northern/southern haloes are designated as
‘N/S’. Finally, in Table B5 we present vertical profiles in NGC 7090
of the linearly polarized emission together, degrees of polarization
together with the total (B), ordered (Bord) and turbulent (Bturb) mag-
netic field strengths.
This paper has been typeset from a TEX/LATEX file prepared by the author.
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Table B1. Non-thermal radio continuum scale heights measured from two-component exponential fits and CRe radiation lifetimes in the northern (N) and
southern (S) halo of NGC 7090.
Offset Thin disc (kpc) Thick disc (kpc) Rad. lif. (Myr)
(kpc) λ22 cm (N) λ6 cm (N) λ22 cm (S) λ6 cm (S) λ22 cm (N) λ6 cm (N) λ22 cm (S) λ6 cm (S) trad22 trad6
−3.4 0.34 ± 0.08 0.31 ± 0.08 0.44 ± 0.05 0.23 ± 0.13 1.54 ± 0.35 1.18 ± 1.00 2.65 ± 1.85 0.92 ± 1.85 28.0 ± 2.0 15.3 ± 1.0
−1.7 0.41 ± 0.05 0.47 ± 0.09 0.39 ± 0.05 0.21 ± 0.08 1.57 ± 0.12 1.31 ± 0.89 2.17 ± 0.47 1.06 ± 0.47 20.5 ± 2.0 11.2 ± 1.0
0.0 0.31 ± 0.03 0.34 ± 0.05 0.38 ± 0.04 0.18 ± 0.12 1.92 ± 0.12 2.04 ± 0.48 1.52 ± 0.29 0.97 ± 0.29 17.2 ± 2.0 9.4 ± 1.0
1.7 0.34 ± 0.18 0.47 ± 0.15 0.50 ± 0.10 0.40 ± 0.07 1.67 ± 0.18 2.15 ± 0.55 1.40 ± 1.00 1.77 ± 1.00 21.0 ± 3.0 11.5 ± 1.0
3.4 0.63 ± 0.13 0.21 ± 0.99 0.04 ± 0.46 0.46 ± 0.25 2.33 ± 0.55 2.01 ± 1.19 1.35 ± 0.25 1.39 ± 0.25 26.0 ± 2.0 13.9 ± 1.0
Table B2. Non-thermal radio continuum scale heights measured from one-component Gaussian fits and CRe radiation lifetimes in the northern (N) and
southern (S) halo of NGC 7462.
Thick disc (kpc) Rad. lif. (Myr)
Offset (kpc) λ22 cm (N) λ6 cm (N) λ22 cm (S) λ6 cm (S) trad22 trad6
−4.8 2.17 ± 0.15 1.58 ± 0.08 1.96 ± 0.11 2.01 ± 0.13 29.5 ± 2.0 16.1 ± 1.0
−2.4 1.11 ± 0.15 1.11 ± 0.04 1.42 ± 0.05 1.34 ± 0.03 21.2 ± 2.0 11.6 ± 1.0
0.0 1.36 ± 0.07 1.23 ± 0.08 1.35 ± 0.04 1.32 ± 0.03 19.0 ± 2.0 10.4 ± 1.0
2.4 1.89 ± 0.09 2.27 ± 0.11 1.79 ± 0.05 1.61 ± 0.05 25.6 ± 2.0 14.0 ± 1.0
4.8 1.56 ± 0.09 1.94 ± 0.24 1.09 ± 0.06 1.41 ± 0.12 32.6 ± 2.0 17.8 ± 1.0
Table B3. Vertical profiles of the non-thermal radio continuum intensities (at λλ 22 and 6 cm) and of the radio spectral index (between λλ 22 and 6 cm) in the
northern (N) and southern (S) halo of NGC 7090.
|z| Int22 (N) Int6 (N) αnt (N) Int22(S) Int6 (S) αnt (S)
(kpc) (µJy beam−1) (µJy beam−1)
0.1750 1266 ± 64 380 ± 19 −0.99 ± 0.07 1214 ± 61 336 ± 17 −1.06 ± 0.07
0.5250 922 ± 47 260 ± 13 −1.05 ± 0.07 836 ± 43 201 ± 11 −1.18 ± 0.07
0.8750 585 ± 30 150 ± 8 −1.12 ± 0.08 485 ± 26 102 ± 6 −1.29 ± 0.09
1.2250 378 ± 21 85 ± 6 −1.23 ± 0.10 277 ± 16 58 ± 5 −1.29 ± 0.11
1.5750 287 ± 16 54 ± 5 −1.37 ± 0.12 187 ± 12 39 ± 4 −1.30 ± 0.14
1.9250 249 ± 15 48 ± 4 −1.37 ± 0.13 148 ± 11 33 ± 4 −1.23 ± 0.16
2.2750 230 ± 14 49 ± 4 −1.28 ± 0.13 118 ± 10 32 ± 4 −1.07 ± 0.17
2.6250 189 ± 12 41 ± 4 −1.25 ± 0.14 78 ± 9 19 ± 4 −1.18 ± 0.24
2.9750 147 ± 11 32 ± 4 −1.25 ± 0.16 34 ± 8 1 ± 4 −3.17 ± 4.19
3.3250 122 ± 10 21 ± 4 −1.47 ± 0.21 32 ± 8 3 ± 4 −2.08 ± 1.24
3.6750 101 ± 9 15 ± 4 −1.60 ± 0.27 52 ± 8 10 ± 4 −1.36 ± 0.39
4.0250 85 ± 9 12 ± 4 −1.60 ± 0.31 59 ± 9 11 ± 4 −1.40 ± 0.36
Table B4. Vertical profiles of the non-thermal radio continuum intensities (at λλ 22 and 6 cm) and of the radio spectral index (between λλ 22 and 6 cm) in the
northern (N) and southern (S) halo of NGC 7462.
|z| Int22 (N) Int6 (N) αnt (N) Int22(S) Int6 (S) αnt (S)
(kpc) (µJy beam−1) (µJy beam−1)
0.225 638 ± 33 142 ± 8 −1.24 ± 0.06 716 ± 36 157 ± 8 −1.25 ± 0.06
0.675 468 ± 24 109 ± 6 −1.20 ± 0.06 581 ± 30 132 ± 7 −1.22 ± 0.06
1.125 302 ± 17 76 ± 5 −1.14 ± 0.07 400 ± 21 98 ± 5 −1.16 ± 0.06
1.575 182 ± 11 45 ± 3 −1.16 ± 0.08 243 ± 14 57 ± 4 −1.20 ± 0.07
2.025 107 ± 9 21 ± 3 −1.33 ± 0.13 144 ± 10 30 ± 3 −1.30 ± 0.10
2.475 79 ± 8 11 ± 3 −1.66 ± 0.22 67 ± 8 14 ± 3 −1.28 ± 0.18
2.925 66 ± 8 5 ± 3 −2.19 ± 0.46 25 ± 7 4 ± 3 −1.49 ± 0.54
3.375 39 ± 7 3 ± 3 −2.25 ± 0.82 19 ± 7 2 ± 3 −1.92 ± 1.12
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Table B5. Vertical profiles of the linearly polarized intensity, degree of polarization (at λλ 22 and 6 cm, respectively) and magnetic field strengths in NGC 7090.
Positive values of z denote the northern and negative ones the southern halo.
z PI22 PI6 p22 p6 αnt B Bord Bturb
(kpc) (µJy beam−1) (µJy beam−1) (µG) (µG) (µG)
−6.65 13 ± 11 4 ± 5 0.12 ± 0.13 − − 0.70 ± 0.24 0.26 ± 0.25 0.65 ± 0.28
−5.95 30 ± 11 9 ± 5 0.27 ± 0.18 − −3.55 ± 15.55 0.83 ± 0.26 0.46 ± 0.24 0.69 ± 0.36
−5.25 31 ± 11 10 ± 5 0.21 ± 0.12 0.81 ± 1.90 −2.01 ± 1.92 0.99 ± 0.29 0.51 ± 0.23 0.85 ± 0.36
−4.55 34 ± 11 2 ± 5 0.17 ± 0.08 0.06 ± 0.19 −1.67 ± 0.92 1.18 ± 0.32 0.54 ± 0.20 1.05 ± 0.37
−3.85 55 ± 12 12 ± 5 0.24 ± 0.08 0.34 ± 0.33 −1.59 ± 0.75 1.41 ± 0.34 0.76 ± 0.24 1.18 ± 0.44
−3.15 73 ± 12 20 ± 5 0.26 ± 0.07 0.41 ± 0.26 −1.43 ± 0.53 1.67 ± 0.37 1.21 ± 0.33 1.16 ± 0.64
−2.45 80 ± 12 30 ± 5 0.16 ± 0.03 0.27 ± 0.09 −1.25 ± 0.24 1.99 ± 0.40 1.18 ± 0.32 1.61 ± 0.55
−1.75 73 ± 12 39 ± 5 0.07 ± 0.01 0.16 ± 0.03 −1.24 ± 0.12 2.38 ± 0.42 1.08 ± 0.23 2.12 ± 0.49
−1.05 47 ± 12 41 ± 5 0.02 ± 0.00 0.07 ± 0.01 −1.17 ± 0.07 2.83 ± 0.45 0.86 ± 0.16 2.70 ± 0.47
−0.35 33 ± 11 25 ± 5 0.01 ± 0.00 0.02 ± 0.00 −1.09 ± 0.06 6.46 ± 0.36 1.13 ± 0.16 6.36 ± 0.36
0.35 28 ± 11 14 ± 5 0.01 ± 0.00 0.01 ± 0.00 −1.06 ± 0.06 6.46 ± 0.36 0.81 ± 0.18 6.41 ± 0.36
1.05 23 ± 11 32 ± 5 0.01 ± 0.00 0.04 ± 0.01 −1.11 ± 0.07 2.84 ± 0.45 0.68 ± 0.13 2.76 ± 0.46
1.75 30 ± 11 37 ± 5 0.02 ± 0.01 0.10 ± 0.02 −1.24 ± 0.10 2.50 ± 0.47 0.92 ± 0.20 2.32 ± 0.51
2.45 52 ± 12 31 ± 5 0.05 ± 0.01 0.15 ± 0.03 −1.30 ± 0.14 2.20 ± 0.47 0.96 ± 0.24 1.98 ± 0.54
3.15 96 ± 12 22 ± 5 0.14 ± 0.02 0.17 ± 0.05 −1.34 ± 0.20 1.94 ± 0.47 0.90 ± 0.23 1.72 ± 0.54
3.85 108 ± 13 13 ± 5 0.25 ± 0.05 0.15 ± 0.08 −1.35 ± 0.31 1.71 ± 0.46 0.96 ± 0.28 1.41 ± 0.59
4.55 92 ± 12 4 ± 5 0.37 ± 0.11 0.06 ± 0.07 −1.01 ± 0.39 1.50 ± 0.44 1.06 ± 0.36 1.07 ± 0.72
5.25 74 ± 12 7 ± 5 0.54 ± 0.26 0.12 ± 0.11 −0.72 ± 0.56 1.32 ± 0.43 1.14 ± 0.50 0.66 ± 1.21
5.95 66 ± 12 13 ± 5 0.55 ± 0.30 1.00 ± 2.32 −1.85 ± 1.93 1.16 ± 0.41 0.96 ± 0.46 0.66 ± 0.99
6.65 31 ± 11 9 ± 5 0.26 ± 0.17 − − 1.03 ± 0.39 0.58 ± 0.32 0.85 ± 0.52
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